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INTRODUCTION 

The U. S. economy is fueled largely by liquid fuels obtained, 
in no small measure, from unstable sources. The litany of wars, 
embargoes, and sudden price hikes implies that developing alterna- 
tive indigenous supplies of liquid fuel is a national economic 
security issue. Liquid fuels derived from coal are among the 
alternatives available. 

Coal liquids must replace petroleum products in existing 
applications when they enter the marketplace. That point of entry 
is almost unique [l-31. Coal liquids must replace oil directly, for 
domestic oil supplies are declining. This is also unique in the 
energy supply history of this country [ 4 - 5 1 .  Thus the entry of coal 
liquids into the economy is fraught with uncertainties caused by 
unusual conditions. 

Uncertainties in the marketplace exist; however a technical base 
for the development of a coal liquids industry has been developed. 
Generically four approaches have been pursued: pyrolysis, solvent 
extraction, catalytic hydrogenation, and indirect liquefaction. Of 
these, indirect liquefaction is being practiced commercially in 
countries outside the United States [ 6 ] .  

The existence of a technical base does not imply that coal 
liquefaction is a mature technology. Rather, it shows that there 
is a significant gap between what is technologically available and 
what is economically available. This gap can be attributed to the 
efficiencies, the capital costs, and the financial risks of such 
systems. Those financial risks are substantially influenced by the 
magnitude of the investments and the status of the technology. 

This financial gap has not always been recognized in the litera- 
ture. In order to show the influence of this risk-related issue on 
coal liquefaction costs and market potentials, the following 
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c o n s i d e r a t i o n s  are a d d r e s s e d  h e r e :  (1)  a review of p r e v i o u s  c o s t  
e s t i m a t i n g  p r a c t i c e s ,  ( 2 )  an e v a l u a t i o n  o f  U.S. investment  p r a c t i c e  
re la ted t o  i n n o v a t i v e  p r o c e s s e s ,  and (3) t h e  i n f l u e n c e  of t h o s e  
f a c t o r s  on  t h e  c o s t s  o f  c o a l  l i q u i d s .  

In  1976 a major  c o a l  l i q u i d s  economics symposium w a s  h e l d  by 
the American Chemical S o c i e t y .  I n  t h i s  symposium a common se t  of  
economic assumptions w e r e  employed. The 1976 ACS symposium, and 
the values i n  Table  1 used i n  t h a t  meet ing ,  r e p r e s e n t s  a major  s t e p  
i n  uni fy ing  c o a l  l i q u e f a c t i o n  economics. However t h e s e  assumptions 
do n o t  l e a d  t o  a s o l i d  f i n a n c i a l  a n a l y s i s  of c o a l  l i q u e f a c t i o n  
p l a n t s ,  and f o r  t h e  f o l l o w i n g  r e a s o n s :  
t o  f inance"  w i t h  "how t o  f inance ' '  d e c i s i o n s ;  ( 2 )  they mask t h e  f a c t  
t h a t  cash f low,  n o t  p r o f i t ,  s u p p o r t s  a c o r p o r a t i o n ;  and (3) t h e y  do 
n o t  i n c o r p o r a t e  t h e  i n f l u e n c e  of  t e c h n i c a l  r i s k  i n t o  t h e  d i s c o u n t  
rate. 

(1)  t h e y  i n t e r t w i n e  t h e  ''what 

The f i r s t  d e f e c t  a rgues  that  c o r p o r a t i o n s  w i l l  view new tech-  
nologies  w i t h  t h e  s a m e  inves tment  ground r u l e s  as e x i s t i n g  technolo-  
g i e s .  Corpora t ions  are  r i s k  a v e r s e ,  however, and p r e f e r  t o  i n v e s t  i n  
improved e x i s t i n g  sys tems r a t h e r  than  h i g h e r  r i s k  new systems [ 8 ] .  
Higher  rates of d i s c o u n t  are r e q u i r e d  t o  a t t r ac t  c a p i t a l  i n t o  new 
p r o j e c t s .  The second and t h i r d  d e f i c i e n c i e s  a r e  v i o l a t i o n s  of  t h e  
p r i n c i p l e s  of f i n a n c i a l  a n a l y s i s  [ l o ] .  The u s e  of  any o r  a l l  of  t h e s e  
t h r e e  assumptions l e a d s  t o  o v e r l y  o p t i m i s t i c  product  c o s t  v a l u e s .  

Given t h e s e  problems,  i t  is  u s e f u l  t o  reexamine t h e  d i s c o u n t  
rate used i n  c a l c u l a t i n g  c o a l  l i q u i d  c o s t s ,  a d j u s t  t h e  account ing  
procedures  t o  s e p a r a t e  "what t o  f inance"  from "how t o  f i n a n c e , "  and 
a n a l y z e  c o s t s  i n  a way t o  maximize cash  f low.  With t h e s e  ad jus tments ,  
o r d e r  of magnitude p r i c e  estimates may be  made and, more i m p o r t a n t l y ,  
t h e  i n f l u e n c e s  of r i s k  and e x p e r i e n c e  on product  c o s t s  can b e  made. 

THE DISCOUNT RATE AND COAL L I Q U I D  COSTS 

The nominal d i s c o u n t  rate is composed of t h r e e  e lements  as 
shown i n  formula (1): 

Where I = t h e  i n f l a t i o n  rate,  M = t h e  r i s k l e s s  c o s t  of money (some- 
t i m e s  r e f e r r e d  t o  as t h e  premium f o r  e a r l y  a v a i l a b i l i t y  of  f u n d s ) ,  
and R = t h e  premium f o r  t o t a l  investment  r i s k  [ l o ] .  Risk  can be  
broken down f u r t h e r  i n t o  several components as shown i n  formula ( 2 ) :  

Where Re = economic r i s k  ( e . g . ,  t h e  r i s k  of a r e c e s s i o n ) ,  R,, = b u s i n e s s  
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r i s k ,  Rf = f i n a n c i a l  r i s k  ( e . g . ,  degree  of l e v e r a g e )  and R t  = 
t e c h n o l o g i c a l  r i s k .  For most f i r m s ,  t h e  Re term is  u n c o n t r o l l a b l e  
and i s  n o t  i s o l a t e d .  
major innovat ion  i s  contempla ted ,  where t h e  major i n n o v a t i o n  w i l l  
i n f l u e n c e  t h e  c a p i t a l  s t r u c t u r e .  

Rt i s  u s u a l l y  subsumed i n  b u s i n e s s  r i s k  i f  no 

C a l c u l a t i n g  t h e  Discount  Rate 

Each major i n d u s t r y  h a s  i ts own a p p r o p r i a t e  nominal d i s c o u n t  
ra te  r e f l e c t i n g  t h e  f i n a n c i a l  inves tments  of debt  and e q u i t y  par- 
t i c i p a n t s  i n  t h a t  i n d u s t r y .  While s e v e r a l  models e x i s t  f o r  ca lcu-  
l a t i n g  t h e  d i s c o u n t  rate, t h e  Modiglani-Mil ler  (M-M) theorem i s  
s u f f i c i e n t  f o r  t h e s e  purposes .  The model i s  shown i n  e q u a t i o n  ( 3 )  
from Haley and S c h a l l  [ll]. 

DR = OKd + ( 1  - e )  Ke ( 3 )  

Where 0 = t h e  p r o p o r t i o n  of  d e b t ,  Kd = t h e  c o s t  of  debt  ( i n c l u d i n g  
t a x  e f f e c t s )  and Ke = t h e  c o s t  of  e q u i t y  c a p i t a l .  
t h e  y ie ld- to-matur i ty  on bonds m u l t i p l i e d  by 1-TR where TR = t h e  
Tax Rate, f r a c t i o n a l  b a s i s .  
n iques  vary ing  i n  s o p h i s t i c a t i o n .  Again, due t o  t h e  i m p r e c i s e  
n a t u r e  of  d i scount  ra te  e s t i m a t i o n  i n  t h e  f a c e  of t e c h n o l o g i c a l  
r i s k ,  t h e  s i m p l i s t i c  approach i s  taken  h e r e  and shown i n  formula 

Kd is t a k e n  a s  

Ke can be  c a l c u l a t e d  by s e v e r a l  tech-  

( 4 ) .  

Ke = DIP + G ( 4 )  

Where D = expected d i v i d e n d s ,  P = s t o c k  p r i c e ,  and G = t h e  expec ted  
growth r a t e  o f  t h e  ( s t o c k )  investment  over  i t s  u s e f u l  l i f e .  

The M-M model a p p l i e s  t o  t r a d i t i o n a l  inves tments  and i s  based 
upon t h e  p r i n c i p l e  t h a t ,  w h i l e  i n c r e a s i n g  t h e  d e b t  f r a c t i o n  
d e c r e a s e s  t h e  apparent  d i s c o u n t  r a t e ,  i t  i n c r e a s e s  t h e  d e g r e e  of  
l e v e r a g e ,  t h e  f i n a n c i a l  r i s k  and hence t h e  c o s t  of  e q u i t y  c a p i t a l .  
Based upon t h e  above e q u a t i o n s ,  T a b l e s  2 and 3 are  p r e s e n t e d ,  g i v i n g  
t h e  e s t i m a t e d  d i s c o u n t  rates f o r  Gul f ,  Exxon, and Mobil O i l .  Growth 
estimates a r e  based on 10-year e a r n i n g s l s h a r e  r a t i o s .  For  subse- 
quent  a n a l y s i s ,  t h e  nominal r a t e  of  15% i s  used s i n c e  i t  shows t h e  
approximate 1 :3  d e b t l e q u i t y  r a t i o  common t o  t h e  energy i n d u s t r y  [ 1 2 ]  
and is t h e  median c a s e  c a l c u l a t e d .  

Table  2 p r e s e n t s  t h e  c a p i t a l  s t r u c t u r e  f o r  Exxon, G u l f ,  and 
Mobil--the t h r e e  companies chosen t o  develop t h e  d i s c o u n t  r a t e  f o r  
t h i s  i n d u s t r y .  S i g n i f i c a n t  i s  t h e  absence of  p r e f e r r e d  s t o c k  i n  
t h e s e  companies. Also s i g n i f i c a n t  t o  n o t e  i s  t h a t  there is heavy 
r e l i a n c e  on common s t o c k .  Thus t h e  growth i s s u e  a r i s e s ;  and i t  i s  
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complicated by v a r y i n g  e x p e c t a t i o n s  concern ing  t h e  d e c o n t r o l  of 
pe t ro leum p r i c e s .  

The I n f l u e n c e  of R i s k  on t h e  Discount  Rate 

The f i n a n c i a l  l i t e r a t u r e  i s  r e p l e t e  w i t h  c i t a t i o n s  concern ing  
t h e  i n f l u e n c e  of b u s i n e s s  and f i n a n c i a l  r i s k  on t h e  d i s c o u n t  rate. 
The t y p i c a l  r e l a t i o n s h i p  shown is e s s e n t i a l l y  l i n e a r  and i s  
r e f e r r e d  t o  as t h e  " S e c u r i t y  Market Line" shown i n  F ig .  1. 

Technica l  r i s k  and/or  u n c e r t a i n t y  i s  less  w e l l - t r e a t e d  i n  t h e  
l i t e r a t u r e  t h a n  b u s i n e s f f i n a n c i a l  r i s k .  T e c h n i c a l  r i s k ,  however, 
i s  c r i t i c a l  t o  new energy  inves tment  e v a l u a t i o n  [13] .  Its i n f l u e n c e  
can  b e  e v a l u a t e d  by analogy t o  t r a d i t i o n a l  b u s i n e s s / f i n a n c i a l  r i s k  
assessments .  

Empir ica l  s t u d i e s  have addressed  t h e  r isk i s s u e ,  i n c l u d i n g  
r e p o r t s  b y  t e c h n i c a l  Micro Economic A s s o c i a t e s  [ 1 4 ]  and Robert  R. 
Nathan A s s o c i a t e s  [ 1 5 ] .  The former d e a l s  l a r g e l y  w i t h  t h e  i n f l u e n c e  
of  r i s k s  on s u p p l i e s  and p r i c e s ;  and t h e  l a t t e r  shows rates of  
r e t u r n  o b t a i n e d  on i n n o v a t i o n s  i n  U.S. i n d u s t r y  s i n c e  1940. Pre- 
t a x  p r i v a t e  i n t e r n a l  ra tes  of  r e t u r n  (IRR) ranged from n e g a t i v e  t o  
157% over  a broad spec t rum i n n o v a t i o n s  on a r e a l  d o l l a r  b a s i s .  

Two petroleum i n d u s t r y  i n n o v a t i o n s ,  one i n  e x t r a c t i o n  and one 
i n  p r o c e s s i n g ,  showed pre- tax  IRR v a l u e s  of  50  t o  56% i n  the Nathan 
A s s o c i a t e s  s t u d y .  T h i s  is s l i g h t l y  h i g h e r  t h a n  t h e  median v a l u e  of 
34 t o  38%. Given s t a n d a r d  economic assumpt ions ,  a f t e r  t a x  r a t e s  of 
r e t u r n  can be c a l c u l a t e d  a t  1.20% on average  and 2.30% i n  t h e  petroleum 
i n d u s t r y .  It s h o u l d  b e  noted  t h a t  t h e  pe t ro leum r e l a t e d  inves tments  
were made i n  1942 and 1949. However, a mining r e l a t e d  i n n o v a t i o n  
in t roduced  i n  1964 had a p r e - t a x  IRR of  54%. These I R R  v a l u e s  are 
n o t  d i s c o u n t  rates p e r  se ,  b u t  t h e y  g i v e  some c l u e  t o  i n v e s t o r  
e x p e c t a t i o n s .  Thus,  r e s o u r c e  i n d u s t r y  i n n o v a t i o n s  may g e n e r a l l y  
r e q u i r e  t h e  h i g h e r  d i s c o u n t  rates. 

The r i s k - a d j u s t e d  d i s c o u n t  ra te  a l s o  i s  a f u n c t i o n  o f  some 
l e a r n i n g  c u r v e  c o n c e r n i n g  t h e  new technology.  Those e x t r a c t i v e  
i n d u s t r y  i n n o v a t i o n s  which f i r s t  earned %30% a f t e r  t a x e s  now r e q u i r e  
1.15%. The i n i t i a l  par ts  of  t h e  inves tment  l e a r n i n g  c u r v e ,  b o t h  tech-  
n i c a l l y  and f i n a n c i a l l y ,  re la te  t o  t h e  p r o c e s s  of  going from concept  
development and bench s c a l e  r e s e a r c h  t o  commercial t e c h n o l o g i e s  
through p r o c e s s  development u n i t s  and t h e n  p i l o t  p l a n t s .  Swabb [161 
i d e n t i f i e s  t h e  p r e f e r r e d  succeeding  s t e p  from p i l o t  p l a n t  t o  com- 
mercial technology as a p i o n e e r  p l a n t ,  t o  b e  owned and o p e r a t e d  by 
t h e  private i n d u s t r y  as a commercial f a c i l i t y  fol lowed by t h e  d e s i g n  
and c o n s t r u c t i o n  of succeeding  commercial p l a n t s .  The p i o n e e r  p l a n t  
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is critical in this approach as it demonstrates plant reliability, 
product output, environmental protection safeguards, and commercial 
viability. It reduces business risk to manageable levels. 

If one accepts the Schwabb argument, then the discount rate 
for the pioneer plant may be nominally %30%. The lower limit is, of 
course, nominally 15%. The upper limit, however, remains essentially 
undefined. Further, the number of commercial plants required to go 
from 30% to 15%, is also undefined. 

Similar learning curves have been posited for capital cost 
estimates [17, 181. Such curves take the form of sensitivity analy- 
sis parameters. The analogy between capital cost and discount rate 
estimation is imperfect, both sets of data deal with investment 
uncertainties as perceived by boards of directors. Despite these 
uncertainties, a 30% discount rate is used here for pioneer plants, 
and a 15X discount rate is used for mature plants. 

The empirical technical risk adjustment made here is analogous 
to an unusual business risk taken. Before the passage of the Public 
Utility Regulatory and Policies Act (PURPA), industries entering 
cogeneration ventures perceived the following risks: (1) would they 
be regulated as utilities; (2)  would utilities purchase surplus power 
from them; and ( 3 )  would utilities sell them power as needed at a 
reasonable cost. Frequently after-tax rates of return demanded by 
cogenerators were 30% [19]. Again it is an imperfect analogy. The 
investment community is consistent--manufacturing industry. The 
broad investment arena is energy. The cogeneration technology, 
however, is mature. Thus this risk adjustment is only one more indi- 
cator of investor behavior. 

CALCULATED COSTS OF COAL LIQUIDS UNDER UNUSUAL 
AND NORMAL RISK CONDITIONS 

Remaining are the tasks of estimating the initial costs of coal 
liquids and the price reductions possible as investor corporations 
gain commercial experience in coal liquefaction. Accomplishing these 
evaluations requires making some accounting assumptions. It then 
involves calculating fuel costs based on the systems selected. 

Accounting Conventions and Assumptions 

In the projecting of synthetic fuel costs, certain conventions 
play an important role: (1) the selection of a depreciation method; 
and (2) the selection of a dollar basis. 
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Three d e p r e c i a t i o n  methods exist: s t r a i g h t  l i n e ,  sum-of-the 
y e a r s  d i g i t s ,  and d o u b l e  d e c l i n i n g  b a l a n c e .  In  g e n e r a l ,  t h e  l a t t e r  
two a c c e l e r a t e d  sys tems g e n e r a t e  more f a v o r a b l e  cash  f lows  (depend- 
i n g  upon t h e  c a p i t a l  s t r u c u t r e  of the i n d u s t r y ) .  The double  
d e c l i n i n g  b a l a n c e  method g e n e r a t e s  p a r t i c u l a r l y  h i g h  d e p r e c i a t i o n  
v a l u e s  i n  t h e  f i r s t  f e w  y e a r s .  Thus,  i t  i s  used here .  

D e p r e c i a t i o n  may b e  t a k e n  over  a v a r i e t y  of t i m e  p e r i o d s .  
To maximize c a s h  f low,  and t h e  c o n t r i b u t i o n  of d e p r e c i a t i o n  t o  n e t  
p r e s e n t  v a l u e ,  t h e  s h o r t e s t  p o s s i b l e  d e p r e c i a t i o n  p e r i o d  i s  p r e f e r r e d .  
The I n t e r n a l  Revenue S e r v i c e  [20] g i v e s  a minimum of 1 3  y e a r s  f o r  
pe t ro leum r e f i n e r i e s ;  and t h i s  v a l u e  i s  assumed t o  hold  f o r  c o a l  
l i q u e f a c t i o n  p l a n t s .  

D e p r e c i a t i o n  i s  t h e  major a r e a  of c a p i t a l  recovery  m e r i t i n g  
documentat ion.  
t i o n s  f o r  c o s t  i n c r e a s e s  o v e r  t i m e .  These are shown i n  Table  4 .  
These v a l u e s  are used i n  c o n s t r u c t i n g  proforma s t a t e m e n t s .  

H i s t o r i c a l  s ta t is t ics  can be used t o  deve lop  assump- 

System and Product  C o s t s  

Two sys tems have been s e l e c t e d  f o r  a n a l y s i s  h e r e :  (1) methanol 
s y n t h e s i s  and (2)  s o l v e n t  e x t r a c t i o n .  Methanol i s  advanced f r e q u e n t l y  
as a technology of  immediate a p p l i c a t i o n  [21,  221. Solvent  ex t rac-  
t i o n  i s  c o n s i d e r e d  one  of the l e a d i n g  c a n d i d a t e s  f o r  b o i l e r  f u e l s  
p r o d u c t i o n  [ 2 3 ] .  
S l i e p c e v i c h  e t  a l .  1 2 4 1 .  Table  5 p r e s e n t s  t h e  s i g n i f i c a n t  c a p i t a l  
c o s t  and product  o u t p u t  parameters  f o r  each u n i t .  The c o s t  v a l u e s  
have  been updated to  1980 d o l l a r s  from the o r i g i n a l  p u b l i c a t i o n  by 
u s e  of  t h e  chemical  e n g i n e e r i n g  p l a n t  c o s t  index  as r e p o r t e d  i n  t h e  
Engineer ing  News  Record [25] .  

Both systems are d e s c r i b e d  g e n e r i c a l l y  i n  

Both t h e  methanol  and s o l v e n t  e x t r a c t i o n  p l a n t s  w e r e  e s t i m a t e d  
t o  c o s t  $ 1  x lo9 i n  1 9 7 7 ,  and a r e  now e s t i m a t e d  t o  c o s t  $1.3 x lo9. 
A f t e r  removal of  t h e  20% investment  t a x  c r e d i t ,  t h e s e  c a p i t a l  c o s t s  
are $1.04 x lo9. If one assumes a 13-year a m o r t i z a t i o n  p e r i o d ,  the  
r i s k y  inves tment  w i t h  a d i s c o u n t  rate of 30% must g e n e r a t e  an annual  
a f t e r - t a x  cash  f low of $322 x l o 6 .  
by i n v e s t o r s  t o  b e  m a t u r e ,  t h a t  a f t e r - t a x  cash f low requi rement  
would be  $178 x l o 6 .  
s i n c e  inves tment  t a x  c r e d i t s  and d e p r e c i a t i o n  a r e  c a l c u l a t e d  w i t h o u t  
r e g a r d  t o  t e c h n o l o g i c a l  matury. Thus t h e  $144 x lo6 must b e  made up 
e n t i r e l y  w i t h  a f t e r - t a x  p r o f i t s .  

I f  t h e  technology were cons idered  

The d i f f e r e n t i a l  is p a r t i c u l a r l y  s i g n i f i c a n t  

From t h e s e  d a t a ,  modif ied proforma s t a t e m e n t s  have been con- 
s t r u c t e d  f o r  b o t h  t e c h n o l o g i e s  assuming: (1) i n s t a n t a n e o u s  cons- .  
s t r u c t i o n  and s t a r t u p  and (2)  c o n s t a n t  a f t e r - t a x  cash f lows .  These 

, 
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are o p t i m i s t i c  assumptions b u t  they  do n o t  a f f e c t  t h e  a n a l y s i s  of  
f i n a n c i a l  r i s k  r e d u c t i o n  s e r i o u s l y ,  s i n c e  t h e y  are  c o n s t a n t  r e l a t i v e  
t o  t h e  v a r i a b l e  d i s c o u n t  rate. Table  6 is  t h e  proforma s t a t e m e n t  
f o r  s e l e c t e d  y e a r s  of t h e  r i s k y  s o l v e n t  e x t r a c t i o n  p l a n t .  
i s  t h e  proforma statement f o r  t h e  same y e a r s  assuming a mature  tech-  
nology.  Values are i n  nominal ( i n f l a t e d )  d o l l a r s .  

Table  7 

It i s  s i g n i f i c a n t  t o  n o t e  t h a t  t h e  h i g h  r i s k  p l a n t  must b e  
p r o f i t a b l e  from t h e  s tar t .  The mature p l a n t  can s u s t a i n  l o s s e s  dur- 
i n g  t h e  f i r s t  y e a r  w i t h o u t  j e o p a r d i z i n g  t h e  cash  f low stream. Depre- 
c i a t i o n  is  f o r  more s i g n i f i c a n t  t o  t h e  mature  p l a n t  t h a n  t h e  h i g h  
r i s k  p i o n e e r  p l a n t .  
f o r  methanol p l a n t s .  Revenue streams can t h e n  d e  d e f l a t e d  t o  1980 
d o l l a r s  by t h e  f o l l o w i n g  formula: 

S i m i l a r  proforma s t a t e m e n t s  can b e  c o n s t r u c t e d  

t D t  = 1.064 

Where D = d e f l a t o r  and t = t h e  year of o p e r a t i o n .  From t h e s e  v a l u e s  
Table  8 i s  c o n s t r u c t e d  showing t h e  approximate c o s t  o f  f u e l s  from 
p i o n e e r  p l a n t s  and mature p l a n t s .  I n  b o t h  cases t h e  g a i n i n g  o f  
f i n a n c i a l  e x p e r i e n c e  carries a c o s t  s a v i n g s  of about  $ lO/bbl  o f  o i l  
e q u i v a l e n t .  

What i s  s i g n i f i c a n t  h e r e  i s  n o t  t h e  $40/bbl  o r  $60/bbl  v a l u e .  
These are b e s t  g u e s s e s  based upon a v a i l a b l e  i n f o r m a t i o n  from p i l o t  
p l a n t s .  Nobody knows what c o a l  l i q u i d s  w i l l  a c t u a l l y  c o s t .  Rather, 
i t  i s  t h e  c o s t  r e d u c t i o n  a s s o c i a t e d  w i t h  i n v e s t o r  e x p e r i e n c e  which 
i s  s i g n i f i c a n t .  Cost s a v i n g s  of $1-2/106 Btu are s u b s t a n t i a l .  These 
r e s u l t  from a r e d u c t i o n  i n  t h e  d i s c o u n t  ra te  as r i s k s  and u n c e r t a i n -  
t i e s  are reduced.  

CONCLUSION 

S u b s t a n t i a l  f u e l  c o s t  s a v i n g s ,  t h e n ,  are a v a i l a b l e  from corpora-  
t i o n  investment  e x p e r i e n c e  i n  c o a l  l i q u e f a c t i o n  f a c i l i t i e s .  These 
s a v i n g s  are i n  t h e  v i c i n i t y  of $ lO/bbl  o r  $1-2/106 Btu. 
i n g s  a l s o  should  be pursued.  
b e  achieved when i n v e s t o r s  advance a long  t h e i r  own l e a r n i n g  c u r v e .  
That  l e a r n i n g  c u r v e  e q u a t e s  t h e  r e l a t i o n s h i p  of expec ted  product  
p r i c e  and p l a n t  performance t o  achieved product  p r i c e  and p l a n t  per -  
formance; and translates t h a t  r e l a t i o n s h i p  p l u s  market  a c c e p t a n c e  o f  
t h e  product  i n t o  a r i s k  f a c t o r  and a n  a p p r o p r i a t e  d i s c o u n t  r a t e .  
Large s a v i n g s  i n  f u e l  c o s t s  can  be  achieved o n l y  when i n v e s t o r s  have 
advanced s u f f i c i e n t l y  t o  reduce  t h e i r  p e r c e p t i o n s  of  l i q u e f a c t i o n  
r i s k  and u n c e r t a i n t y .  

These sav- 
These s u b s t a n t i a l  p r i c e  r e d u c t i o n s  may 
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TABLE 1. F i n a n c i a l  Assumptions f o r  t h e  1976 American 
Chemical S o c i e t y  Meeting on S y n t h e t i c  Fue l  Economics 

Parameter  Value 

P r o j e c t  l i f e  20 y e a r s  
Cost  of c a p i t a l  10 p e r c e n t  
Deprec ia t ion  S t r a i g h t  l i n e  
Base Return on Investment  15 p e r c e n t  a 

aNot s p e c i f i e d  bu t  r e q u e n t l y  used.  
Source: [ 7 ]  

TABLE 2 .  The C a p i t a l  S t r u c t u r e  of Three Petroleum 
Companies, 1979 

Company 

Cap i t a l  Instrument  Gulf Exxon Mobil 

Debt . 191  . 1 1 2  
P r e f e r r e d  s t o c k  -0- -0- 
Common s t o c k  .809 .888 

.261 
-0- 

.739 

T o t a l  1.00 1.00 1.00 

TABLE 3. The Cost of C a p i t a l  f o r  Three Petroleum 
Companies ( i n  %) 

C a p i t a l  Cost  C o n t r i b u t i o n  by Company 

C a p i t a l  Instrument  Gulf Exxon Mobil 

Debt p o r t i o n  0. 97a 0.54 
Common e q u i t y  p o r t i o n  11.6 16 .3  e 14.0 

T o t a l  12.6 16.8 15.2 

1.18' b 

a .191 x .570 x .089 x 100 = 0.97; .089 = Yield t o  Matu r i ty  on 

' .112 x .553 x .087 x 100 = 0.54;  .087 = Yield t o  Matu r i ty  on 

(Continued n e x t  page.)  

bonds 

bonds. 

1 5 1  



.261 x .524 x .086 x 100 = 1.18; 0.86 = Y i e l d  t o  Matu r i ty  o n  
bonds. 

Second term i n  a l l  above c a l c u l a t i o n s  = 1 - TR f o r  domestic 
o p e r a t i o n s .  Thus t h e  t a x  e f f e c t  of i n t e r e s t  i s  accounted f o r  i n  t h e  
d i scoun t  rate c a l c u l a t i o n .  

d 
2.05 

30.75 + .076 = .143; .143 x .809 = .116 

e 
+ .112 = .183; .183 x .888 = .163 

56 .5  

2.40 
42.625 

+ .135 = .190; .190 x .739 = 14.0 

De 

fo l lows  : 'e 

KCeq w h e r e  De = expec ted  d iv idend ,  P = p r i c e ,  and Ge = expected 
growth and Kceq = c a p i t a l  c o s t ,  common e q u i t y .  

August,  1979; WSJ, August 28; Value Line.  

General  formula f o r  d ,  e ,  f ,  is  - + G = K as de f ined  as 

The c o s t  o f  common e q u i t y  c a p i t a l  i s  determined by De/P + Ge = 

ceq 

Sources:  Annual Repor t s ,  1978; Standard and P o o r ' s  Bond Guide, 

TABLE 4.  Real P r i c e  I n c r e a s e s  1968-1978 

1 0  Y r  Nominal 1 0  Y r  Real 
Good/ S e r v i c e  Rate (%) Rate (%) 

A l l  goods and S e r v i c e s  (CPI) 6 .4  - 0- 

Labor 
U t i l i t i e s  
Chemical manufac tu r ing  

Fue l s  and Energy 
Coal 
E l e c t r i c i t y  

Chemicals ( I n d u s t r i a l )  
Miscel laneous s u p p l i e s  

Supp l i e s  

8 .4  2.0 
8 . 3  1.9 

1 1 . 7  5 . 3  
9 .3  2.9 

8 .3  1 . 9  
6 .0  -0.4 

S e r v i c e s  7 .0  0.6 

Sources:  U. S. Census Bureau, 1978; U.S. Census Bureau, 1974;  
U . S .  Bureau of Labor S t a t i s t i c s ,  1980. 

152 



TABLE 5. Cost and Output Parameters for Selected Solvent 
Extraction and Methanol Plants 

Technology 

Solvent 
Parameter extraction Me t h ano 1 

Plant size 50 x lo3 bbljday 11,300 tonsiday 

Thermal efficiency 64% 46% 

325 x lo9 Btu/day 230 x lo9 Btuiday 

1977 capital cost total $0.9 - 1.15 109 $0.85 - 1.2 109 

Median 1980 capital cost (gross) $1.3 x lo9 $1.3 109 

1977 capital costlbbllday $16.5 - 21.5 x lo3 $23 - 30 x lo3 

1980 investment tax credit $260 x lo6 $260 x lo6 

Source : [ 241 . 
TABLE 6. Pro Forma Statement for the Solvent Extraction Plant 

30% Discount Rate (Values in $ x 106) 

Year 
CostIIncome Stream 1 5 13 

Revenue 655 988 1677 
Operating cost 
Fuel 223 34 7 841 
Labor 6 8 15 
Chemicals and supplies 14 18 31 
Water and utilities 2 2 3 
Maintenance 68 94 17 7 
Taxes and insurance 16 20 37 

Depreciation 200 103 27 
Earnings before taxes 226 406 54 6 
Income tax (46%) 104 187 251 
Net income after taxes 122 219 295 
Depreciation 200 103 27 
Cash flow 322 322 322 

Sources: Table 5 and [24]. 
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TABLE 7 .  Pro  Forma Sta tement  f o r  t h e  Solvent  E x t r a c t i o n  
P l a n t  - 15% Discount  R a t e  (Values i n  $ x l o 6 )  

Year 
Cost/Income Stream 1 5 1 3  

Revenue 507 731 1 4 1 1  
Opera t ing  c o s t  

F u e l  2 2 3  347 841 
Labor 6 8 1 5  
Chemicals and s u p p l i e s  1 4  18 3 1  
Water and u t i l i t i e s  2 2 3 
Maintenance 68 94 1 7 7  
Taxes and i n s u r a n c e  16  20 37 

Deprec ia t ion  200 103  27 
Earn ings  b e f o r e  t a x e s  (22)  139 280 
Income t a x  (46%) - 0- 64 129 
N e t  income a f t e r  t a x e s  ( 2 2 )  75 1 5 1  
D e p r e c i a t i o n  200 103 27 
Cash flow 178 1 7 8  178 

Sources :  T a b l e  5 and [ 2 4 ] .  

TABLE 8. Leve l i zed  F u e l  Cos t s  f o r  P ionee r  and Mature Coal 
Conversion P l a n t s  ( i n  1980 D o l l a r s )  

F u e l  Cost 

P ionee r  P l a n t  Mature P l a n t  Coal L i q u e f a c t i o n  
System $ / I O 6  B t u  $ / b b l  $ / l o 6  B t u  $ / b b l  

Solvent  e x t r a c t i o n  a 50 

Methanol 10 60 

7 40 

8 50 
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SYNTHETIC POLYMERS AS MODELS FOR COAL I N  A DESULFURIZATION PROCESS 

Thomas E. Schmidt ,  Thomas G .  S q u i r e s  and C l i f f o r d  G .  Venier  

Ames Labora tory* ,  Iowa S t a t e  U n i v e r s i t y ,  Ames, Iowa 50011 

O x y d e s u l f u r i z a t i o n  p r o c e s s e s  u s e  a i r  o r  oxygen t o  remove s u l f u r  from c o a l  f o r  
t h e  purpose  o f  c o n v e r t i n g  h i g h  s u l f u r  c o a l  i n t o  a n  e n v i r o n m e n t a l l y  a c c e p t a b l e  s o l i d  
f u e l  (I). The d e s u l f u r i z a t i o n  is main ly  from t h e  c o n v e r s i o n  of p y r i t i c  s u l f u r  i n t o  
s u l f a t e  and i t s  removal when t h e  c o a l  i s  recovered  from t h e  aqueous s l u r r y  of t h e  
p r o c e s s  ( 2 ) .  Because e v i d e n c e  f o r  t h e  removal  o f  o r g a n i c  s u l f u r  from c o a l  could 
r e v i t a l i z e  t h e  now dormant  s t a t u s  of o x y d e s u l f u r i z a t i o n  as a method o f  c o a l  b e n e f i -  
c i a t i o n ,  w e  have been i n v e s t i g a t i n g  t h e  a b i l i t y  of t h e s e  p r o c e s s e s  t o  d e g r a d e  or -  
g a n i c  s u l f u r  f u n c t i o n s .  

A d i r e c t  comparison of  a c o a l ' s  o r g a n i c  s u l f u r  c o n t e n t  b e f o r e  and  a f t e r  pro- 
c e s s  t r e a t m e n t  i s  f r a u g h t  w i t h  u n c e r t a i n t y  due  t o  t h e  c o n f u s i o n  i n  d i s t i n g u i s h i n g  
t h e  v a r i o u s  forms of s u l f u r  i n  c o a l  ( 3 ) .  T h e r e f o r e ,  our  e v a l u a t i o n  o f  t h e  Ames 
P r o c e s s ,  which employs oxygen and 0.2 M aqueous sodium c a r b o n a t e  a t  200 p s i  t o t a l  
p r e s s u r e  and 150° C ,  h a s  been based on  t h e  u s e  of  model compounds ( 4 ) .  In t h e s e  
i n v e s t i g a t i o n s ,  t h e  o r g a n i c  s u l f u r  f u n c t i o n a l  groups  e x h i b i t e d  one  of t h r e e  k i n d s  
o f  b e h a v i o r :  d i r e c t  a u t o x i d a t i o n  of t h e  s u l f u r ,  i n d i r e c t  o x i d a t i o n  of t h e  s u l f u r  
v i a  a u t o x i d a t i o n  of an a d j a c e n t ,  b e n z y l i c  C-H bond; and no  r e a c t i o n .  T h i o l s  and 
d i s u l f i d e s  were d i r e c t l y  o x i d i z e d  t o  s u l f o n a t e s  which were s t a b l e  u n d e r  p r o c e s s  
c o n d i t i o n s  ( i . e .  no c a r b o n - s u l f u r  bond c l e a v a g e  ).  Model compounds c o n t a i n i n g  a 
b e n z y l i c  s u l f i d e  f u n c t i o n  gave p r o d u c t s  ( Equat ion  1 ) v i a  a r e a c t i o n  pathway 
which is ana logous  t o  t h e  a u t o x i d a t i o n  of  b e n z y l i c  C - H ' s  i n  d i a r y l m e t h a n e s  
( Equat ion  2 ) .  Other  s u l f i d e s  were recovered  unchanged a f t e r  one  hour  under  Ames 
P r o c e s s  c o n d i t i o n s .  n 

02, H20, N a  CO e CH.SR - - - -  > (f=$- !-R1 + RSO 3 -Na+ 

R = methyl  o r  phenyl ,  K' = H o r  OH 

0 

Ar-C-Ar 
0 2 ,  H Z O ,  Na CO I1 2 3  Ar-CH -AT / 

150' C ,  1 hour  

The f u r t h e r  e v a l u a t i o n  of  t h e  Ames P r o c e s s  w i t h  model compounds h a s  been aimed a t  
c o n s i d e r i n g  t h e  r e l a t i o n  between d e s u l f u r i z a t i o n  and t h e  a u t o x i d a t i v e  d e g r a d a t i o n  
of t h e  s u b s t r a t e  as a whole. 

The e v a l u a t i o n  of o x y d e s u l f u r i z a t i o n  p r o c e s s e s  u s i n g  s i m p l e  model compounds 
i s  w e l l  s u i t e d  f o r  d e t e r m i n i n g  t h e  r e a c t i v i t y  o f  p a r t i c u l a r  f u n c t i o n a l  g r o u p s ,  bu t  
does  n o t  s p e a k  t o  e f f e c t s  on t h a t  r e a c t i v i t y  when such  a r e  p a r t  of  an ex tended  
hydrocarbon m a t r i x .  The i n f l u e n c e  o f  t h e  proximate  environment  on t h e  o x i d a t i o n  
of s u l f u r  f u n c t i o n s  i s  expec ted  t o  b e  based on f a c t o r s  such  a s :  

1) i n h i b i t i o n  t o  mass t r a n s p o r t  of  r e a g e n t s  o r  o x i d a t i o n  p r o d u c t s ;  
2) c o m p e t i t i v e  r e a c t i v i t y  by hydrocarbon f u n c t i o n s ;  and 

1 3 )  i n t r a m o l e c u l a r  p r o p a g a t i o n  of a u t o x i d a t i o n .  
I n  o r d e r  t o  d e v i s e  a model s u b s t r a t e  f o r  p r o c e s s  e v a l u a t i o n  i n  which s u l f u r  i s  i n -  
c o r p o r a t e d  i n  a hydrocarbon m a t r i x  w h i l e  m a i n t a i n i n g  t h e  a b i l i t y  t o  d e s c r i b e  t h e  
r e s u l t s  i n  terms of  f u n c t i o n a l  group r e a c t i v i t y ,  w e  have p r e p a r e d  a series o f  syn- 
t h e t i c  polymers  which meet t h e  r e q u i r e m e n t s  o u t l i n e d  below : 

*Operated f o r  t h e  U.S. Department of  Energy by Iowa S t a t e  U n i v e r s i t y  under  C o n t r a c t  
No. W-7405-Eng-82. T h i s  r e s e a r c h  w a s  s u p p o r t e d  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Fos- 
s i l  Energy,  O f f i c e  of  Coal  Mining,  WPAS-AA-75-05-05. 
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1) a h i g h  c a r b o n ,  hydrogen  and s u l f u r  c o n t e n t ,  
2) 
3) s u f f i c i e n t  c r o s s l i n k i n g  t o  i m p a r t  i n s o l u b i l i t y .  

a p r e d i c t a b l e  a v e r a g e  s t r u c t u r e ,  and 

Such polymers  s i m u l a t e  some of  t h e  p h y s i c a l  p r o p e r t i e s  of  c o a l  and a l l o w  t h e  re- 
covery  o f  t h e  hydrocarbon c o n t e n t  of t h e  model as a s o l i d  p r o d u c t ,  which procedure  
is a b a s i s  of  o x y d e s u l f u r i z a t i o n  p r o c e s s e s .  

Materials 
The m o d i f i c a t i o n ,  o u t l i n e d  i n  F i g u r e  1, of c h l o r o m e t h y l a t e d  p o l y s t y r e n e  beads 

( Biobeads S-X1, 200-400 mesh, BioRad L a b o r a t o r i e s ,  Richmond, CA ) p r o v i d e s  a con- 
v e n i e n t  e n t r y  t o  s e v e r a l  polymers  meet ing  t h e  above r e q u i r e m e n t s  as w e l l  as b e i n g  
comparable  one  w i t h  a n o t h e r .  The p r e p a r a t i o n  o f  a formaldehyde condensa t ion  poly-  
m e r  ( F i g u r e  2 ) ,  which is c l o s e r  than p o l y s t y r e n e  t o  t h e  H / C  r a t i o  of c o a l s  and is 
h i g h  i n  d i a r y l m e t h a n e  f u n c t i o n s ,  was also c a r r i e d  o u t  a l t h o u g h  t h i s  polymer is less 
d e f i n e d  as t o  i ts a v e r a g e  s i z e  and s t r u c t u r e .  S i m i l a r  condensa t ion  polymers ,  wi th-  
o u t  s u l f u r ,  had p r e v i o u s l y  been proposed as models  f o r  c o a l  (5).  

Exper imenta l  
The procedure  by which t h e  s y n t h e t i c  polymers  were s u b j e c t e d  t o  t h e  Ames Pro- 

cess is d e s c r i b e d  h e r e .  The d r y  polymer,  0.6 t o  1.8 g, and 100 m l  o f  0.2 M aqueous 
sodium c a r b o n a t e  were p l a c e d  i n  a 300 m l  a u t o c l a v e ,  which w a s  f l u s h e d  t h r e e  t i m e s '  
w i t h  n i t r o g e n  a t  80 p s i  p r e s s u r e ,  and t h e  s e a l e d  a u t o c l a v e  w a s  h e a t e d  t o  t h e  oper-  
a t i n g  tempera ture .  When t h e  t e m p e r a t u r e  had reached  150° C ,  oxygen w a s  added t o  a 
t o t a l  p r e s s u r e  of 200 p s i  and t h e  a u t o c l a v e  was vented  u n t i l  t h e  p r e s s u r e  w a s  about  
1UO p s i .  The a d d i t i o n  o f  oxygen w a s  r e p e a t e d  t w i c e ,  t h e n  t h e  s e a l e d  a u t o c l a v e  was 
s t i r r e d  a t  1500 rpm f o r  1 h .  w h i l e  m a i n t a i n i n g  t h e  t e m p e r a t u r e  a t  150 2 I n  
t h e  c a s e  of t h e s e  polymers ,  n o  s i g n i f i c a n t  amount of  material w a s  l o s t  by t h e  vent -  
i n g  procedure .  A f t e r  c o o l i n g  t o  room t e m p e r a t u r e  t h e  r e s i d u a l  p r e s s u r e  ( 70 t o  90 
p s i  ) was vented .  The s o l i d  w a s  c o l l e c t e d  by f i l t r a t i o n ,  u s i n g  400 ml of d i s t i l l e d  
water t o  r i n s e  t h e  a u t o c l a v e  and wash t h e  s o l i d .  The s o l i d  w a s  s u c c e s s i v e l y  washed 
w i t h  30 m l  p o r t i o n s  of m e t h a n o l ,  THF and benzene ,  then  d r i e d  under  reduced p r e s s u r e  
and 80 t o  90' C f o r  a t  l ea s t  f i v e  h. p r i o r  t o  weighing ,  r e c o r d i n g  t h e  I R  spectrum 
( K B r  p e l . l e t  ) and s u b m i t t i n g  a sample f o r  e l e m e n t a l  a n a l y s i s  ( e l e m e n t a l  a n a l y s e s  
w e r e  performed by G a l b r a i t h  L a b o r a t o r i e s ,  K n o x v i l l e ,  TN ).  The r e s i d u e  obta ined  by 
e v a p o r a t i o n  of t h e  combined o r g a n i c  s o l v e n t s  e x h i b i t e d  PMR and I R  s p e c t r a  c h a r a c t e r -  
i s t i c  o f  p o l y s t y r e n e .  I n  t h e  c a s e  of  (4-polys tyry1)methyl  & - t o l y l  s u l f i d e  ( 1 ) ,  
sodium 4 - t o l u e n e s u l f o n a t e  i n  t h e  r e s i d u e  of t h e  aqueous phase  was measured by its 
i n t e g r a l  i n t e n s i t i e s  i n  t h e  PMR spec t rum r e l a t i v e  t o  t-BuOH as a n  i n t e r n a l  s t a n d a r d .  
I n  t h e  c a s e  of  b e n z y l  ( 4 - p o l y s t y r y l )  s u l f i d e  ( 1. ) ,  t h e  aqueous phase  was e x t r a c t e d  
w i t h  d ich loromethane  and benzaldehyde w a s  found t o  be  p r e s e n t  i n  the. ' x t r a c t  i n  a 
y i e l d  of  19 % based on t h e  amount of s u l f u r  i n  2. 
R e s u l t s  

The e f f e c t  of t h e  Ames P r o c e s s  on t h e  s y n t h e t i c  polymers  was monitored by t h e  
d e g r e e  of  s o l u b i l i z a t i o n  and t h e  e l e m e n t a l  a n a l y s i s  of t h e  s o l i d  p r o d u c t .  For 
p o l y s t y r e n e s ,  t h e  f o r m a t i o n  of  s o l u b l e  polymers  is a measure  of  t h e  e x t e n t  of 
a u t o x i d a t i o n  of t h e  p o i y s t y r y l  backbone ( 6 ) ;  t h i s  d e g r a d a t i o n  w i l l  have no  s i g n i -  
f i c a n t  e f f e c t  on t h e  Sic r a t i o  of  t h e  r e c o v e r e d  s o l i d s .  
bond i s  more s u s c e p t i b l e  t o  a u t o x i d a t i v e  c l e a v a g e  t h a n  t h e  polymer backbone t h a t  
a marked change i n  t h e  S / C  r a t i o  can o c c u r .  
- 1 ( T a b l e  1 ) and 2 ( T a b l e  2 ) which c o n t a i n  t h e  b e n z y l i c  s u l f i d e  f u n c t i o n .  
The d e c r e a s e  i n  t h e  S/C r a t i o  i n  recovered  polymer 1 and t h e  i n c r e a s e  i n  t h i s  
r a t i o  f o r  recovered  polymer - 2 is  e x p l a i n e d  by t h e  f a c i l e  a u t o x i d a t i o n  r e a c t i o n s  
shown i n  Equat ions  3 and 4 .  

10' C.  

I t  i s  only  when a C-S 

T h i s  b e h a v i o r  i s  e x h i b i t e d  by polymers 

02, H 2 0 ,  Na CO b @CHO + C H 3 G S O 3 - N a +  

150' C ,  1 hour  

3) @- CH2S a CH3 

1 - 
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While t h e  e x t e n t  of d e s u l f u r i z a t i o n  and polymer s o l u b i l i z a t i o n  of 1 o v e r  f o u r  
seemingly  i d e n t i c a l  r u n s  ( T a b l e  1 ) were q u i t e  v a r i a b l e ,  t h e r e  i s  a c o r r e l a t i o n  
between t h e  two types  o f  d e g r a d a c i o n ,  i . e .  more d e s u l f u r i z a t i o n  w a s  accompanied by 
more s o l u b i l i z a t i o n .  That  r a d i c a l  i n i t i a t i o n  of a u t o x i d a t i o n  i s  i m p o r t a n t  f o r  
b o t h  p r o c e s s e s  was shown by t h e  f a c t  t h a t  t h e  i n c l u s i o n  of a s p e c i f i c  i n i t i a t o r ,  
2 , 2 ' - a z o b i s  ( 2 - m e t h y l p r o p i o n i t r i l e )  ( A I B N  ) ,  i n c r e a s e d  both  d e s u l f u r i z a t i o n  and 
s o l u b i l i z a t i o n  of  polymer 1. i n  c o n t r a s t ,  t h e  u s e  of AIBN w i t h  1 w a s  c o u n t e r -  
p r o d u c t i v e  w i t h  r e s p e c t  t o - - d e s u l f u r i z a t i o n .  
o u r  ea r l ie r  f i n d i n g s  t h a t  DBT is  i n e r t  to  Ames P r o c e s s  c o n d i t i o n s  and w i t h  o u r  
p o s t u l a t e  t h a t  C-S bond c l e a v a g e  must be i n i t i a t e d  by a u t o x i d a t i o n  of an %-H. 

When c o a l  i s  s u b j e c t e d  to  an o x y d e s u l f u r i z a t i o n  p r o c e s s ,  i n d i g e n o u s  l a b i l e  
f u n c t i o n s  can presumably i n i t i a t e  a u t o x i d a t i o n .  I t  h a s  been r e p o r t e d  f o r  example,  
t h a t  t h e  p y r i d i n e  s o l u b l e  p o r t i o n  of c o a l  c o n t a i n s  s u b s t a n c e s  which promote t h e  
a i r  o x i d a t i o n  o f  c o a l  a t  100° C ( 7 ) .  To test  whetner  a p y r i d i n e  e x t r a c t  of  c o a l  
could  i n i t i a t e  t h e  a u t o x i d a t i o n  of  1, we added such  a n  e x t r a c t  t o  1 under  t h e  
c o n d i t i o n s  of t h e  Ames P r o c e s s .  T h i s  r e s u l t  is  r e p o r t e d  i n  Table  1 and l e a d s  t o  
t h e  c o n c l u s i o n  t h a t  t h e  e x t r a c t  was n o t  a n  e f f e c t i v e  i n i t i a t o r  of a u t o x i d a t i o n  
under  t h e s e  c o n d i t i o n s .  

T h i s  r e s u l t  is e n t i r e l y  c o n s i s t e n t  w i t h  

T a b l e  2 c o n t a i n s  s u l f u r  f u n c t i o n s  which a r e  i n e r t  t o  t h e  p r o c e s s  c o n d i t i o n s ,  
i . e .  DBT, DBTO and e t h y l  phenyl  s u l f o n e ;  and ,  i n  t h e s e  sys tems,  a u t o x i d a t i o n  was 
n o t  accompanie2 by d e s u l f u r i z a t i o n .  
t i o n  poiymer 1, which i s  p e r h a p s  a b e t t e r  model f o r  c o a l  tnan  p o l y s t y r e n e  (8) .  
The a b i l i t y  of  t h e  Ames P r o c e s s  t o  o x i d i z e  f l u o r e n e  ( 4 )  sugges ted  t h a t  1 should  
undergo a u t o x i d a t i o n .  T h i s  w a s  e s t a b l i s h e d  on  t h e  b a s i s  o f  t h e  d e g r e e  of s o l u b i l i -  
z a t i o n ,  I h e  p r e s e n c e  o f  c a r b o n y l  f u n c t i o n s  i n  t h e  r e c o v e r e d  s o l i d  ( a s  d e t e c t e d  by l R ,  
1 7 1 5  cm- 

Conclus ions  

t h e s e  r e a c t i o n  c o n d i t i o n s  promote a u t o x i d a t i o n  of hydrocarbon f u n c t i o n s  as w e l l ,  
and t h e  r e l a t i v e  ra tes  of  hydrocarbon o x i d a t i o n  and o r g a n i c  s u l f u r  removal  a r e  
de te rmined  by t h e  p a r t i c u l a r  s t r u c t u r e  of  each .  Benzyl ic  s u l f i d e s  w e r e  t h e  o n l y  
c a s e  examined where C-S bond c l e a v a g e  was s i g n i f i c a n t  p r e c i s e l y  b e c a u s e  of  i ts 
g r e a t e r  s u s c e p t i b i l i t y  t o  a u t o x i d a t i o n  r e l a t i v e  t o  t h e  hydrocarbon p a r t  of  t h e  
polymer. When i n c o r p o r a t e d  i n t o  a hydrocarbon polymer,  b e n z y l i c  s u l f i d e s  were  found 
t o  be less r e a c t i v e  under  t h e  p r o c e s s  c o n d i t i o n s  t h a n  t h e  monomer b e n z y l  phenyl  
s u l f i d e  ( 4 ) .  There  is no  i n d i c a t i o n  t h a t  t h e  hydroperoxides ,  which a r e  formed by 
a u t o x i d a t i o n  o f  l a b i l e  C-H bonds,  r e a c t  w i t h  s u l f i d e s  t o  produce  s u l f o x i d e s  o r  
s u l f o n e s  under  t h e s e  c o n d i t i o n s .  

T h i s  i s  e s p e c i a l l y  e v i d e n t  w i t h  t h e  condensa- 

) and t h e  i n c o r p o r a t i o n  of oxygen i n  t h e  s o l i d .  

Although t h e  Ames P r o c e s s  w a s  des igned  t o  o x i d i z e  and remove s u l f u r  from c o a l ,  

I n  t h i s  e v a l u a t i o n  of t h e  Ames P r o c e s s  w i t h  polymer models ,  w e  have shown t h a t :  

1) only  b e n z y l i c  s u l f i d e s  undergo p r e f e r e n t i a l  C-S bond c l e a v a g e ;  

2)  t h i s  c l e a v a g e  i s  a r a d i c a l  p r o c e s s  ana logous  t o  hydrocarbon a u t o x i d a t i o n ;  

3 )  c o n d i t i o n s  which accelerate t h e  o x i d a t i v e  c l e a v a g e  of t h e s e  C-S bonds w i l l  
a l s o  i n c r e a s e  t h e  ra te  of  d e g r a d a t i o n  of t h e  hydrocarbon m a t r i x ;  

43 a s  e x p e c t e d ,  t h e  r a t e  of  r e a c t i o n  of t h e  b e n z y l i c  C-S bond i s  a t t e n u a t e d  
when t h e  s u l f i d e  i s  i n c o r p o r a t e d  i n t o  an i n s o l u b l e  polymer. 
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Figure 1. Synthesis of Modified Polystyrenes for Use as Coal Models. 

2) ' )  "-'lILi benzyl > " S - C H 2 G  

d i s u l f i d e  

2: 83.24 %C. 7.11 % H .  8.40 %S,  1.12 %Br 

DBT,ZnCI2 

C6H4C'2 
@-CH2CI  - @CH2 CH2-@ 

1: 87.59 %C,  6.82 %H, 4.58 %S 

C1C6H4COgH 

CH2-@ 

O'"2Qs@ 
1 HCC13 > 

o" \\o 

2: 83.78 %C, 6.61 %H, 4.44 % S 

Figure 2. 

5: 80.82 % C ,  7.25 %H, 5.84 %S 

Hypothetical Structure for DBT/Fluorene/Formaldehyde Copolymer 

- 7: 86.72 %c, 5.01 zn, 7.75 zs 
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TABLE 1. E f f e c t  of Ames P r o c e s s  on (4-Polys tyry1)methyl  4-Tolyl  S u l f i d e  ( 1 ) .a  

d 
Initial Wgt. Recovered as a S o l i d  % CH2-SC 4-Tolyl  S o l u b l e  

Weight Carbon S u l f u r  AS/C Cleavage  S u l f o n a t e  Polymer 

0.91 g 84 % 81 % 57 % -30 % 37 % 22 % 4 . 5  % 

0.91 92 90 76 -16 21 28 2 . 1  

1.14 93 91 76 -17 22 18 1.7 

0.60 92 93  92 - 1 2 0 . 3  0 

90 8 9  75 -16 20 
a v e r a g e  
of f o u r  

1. 0oe 84 8 8  76 -13 17 

0.74f 86 83 54 -34 42 

17 2.2  

- 
9.3 

TABLE 2 .  E f f e c t  of Ames P r o c e s s  on Some S y n t h e t i c  Polymers .a  

b 
Initiai Wgt. Recovered a s  a S o l i d  
_ _ _ _ _  

P o l y s t y r e n e g  1.59 g 96 % 96 % 

1.50  95 - 

2 0.62 87 84 

- 3 0.78 96 96 

- 4 0 .73  104 101 

- 

- 5 1.16 94 95 

- 7 1.06 89 87 

- 7f 0.90 95 92 

- - 
- - 

98 % +17 % 

97 + 1 

02 + 1 

96 + 1% 
88 + 2 

95 + 5 

d S o l u b l e  
Polymer 

2.3 % 

0.7  

3 . 2  

1 .4  

1.0 

0 

9.4 

4 .0  

See F i g u r e s  1 and 2 f o r  t h e  s t r u c t u r e s  of t h e  polymers .  
P r e s e n t e d  a s  a p e r c e n t a g e  of t h e  c o r r e s p o n d i n g  o r i g i n a l  v a l u e s .  
T h i s  is based  on t h e  i o s s  of  s u l f u r  r e l a t i v e  t o  t h e  p o l y s t y r y l  c a r b o n ,  
which i s  t h e  t o t a l  carbon l e s s  t h e  carbon due t o  t h e  4 - t o l y l  g r o u p s ,  
and is c a l c u l a t e d  a s  100 % - 100 % ( S C - 75 S .  ) + ( S.C - 7 s  S .  ) 

where S is t h e  moles  p e r  u n i t  weight  of S u l f u r  i n  t h e  s o l i d  p r o d u c t ,  

S .  i s  t h e  moles  of s u l f u r  i n  t h e  i n i t i a l  polymer,  C .  i s  t h e  moles  of 

carbon i n  t h e  i n i t i a l  polymer and C is t h e  moles  of carbon i n  t h e  s o l i d  

Residue a f t e r  e v a p o r a t i o n  of t h e  o r g a n i c  s o l v e n t s  a s  a p e r c e n t a g e  of t h e  
i n i t i a l  weight .  
P y r i d i n e  e x t r a c t  of a n  Ill. No. 6 c o a l ,  0.1 g ,  was added t o  t h i s  r u n ;  t h e  
p r e s e n c e  of t h e  e x t r a c t  masked d e t e c t i o n  of s o l u b l e  polymer. 
With 0.16 g of AIBN added and oxygen added b e f o r e  h e a t i n g  t h e  a u t o c l a v e .  
Biobeads S-X1, 200-400 mesh, prewashed w i t h  benzene and MeOH. 
N2 a tmosphere  o n l y  i n s t e a d  of 02; 

P i  P I  1 P  P l  

P 

p r o d u c t .  P 

e l e m e n t a l  a n a l y s i s  n o t  o b t a i n e d .  
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PRODUCT Y I E L D  AND HYDROGEN CONSUMPTION SELECTIVITY 
TESTS FOR COAL LIQUEFACTION CATALYST DEVELOPMENT* 

H. P. S tephens  

Sandia  Na t iona l  L a b o r a t o r i e s ,  Albuquerque, N e w  Mexico 87185 

INTRODUCTION 

Because hydrogenat ion  o f  c o a l  t o  l i q u i d  p roduc t s  ( o i l s )  i s  
accompanied by d i s t r i b u t i o n s  o f  complex by-product m i x t u r e s  ( I O M ,  
p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and g a s e s )  which change as a f u n c t i o n  of  
r e a c t i o n  v a r i a b l e s  ( t i m e ,  t empera tu re  and p r e s s u r e )  and r e a c t o r  con- 
f i g u r a t i o n ,  t h e  de t e rmina t ion  o f  s e l e c t i v i t y  r e l a t i o n s h i p s  f o r  coal 
l i q u e f a c t i o n  c a t a l y s t s  h a s  been a d i f f i c u l t  and time-consuming t a s k  
i n v o l v i n g  numerous exper iments  t o  adequa te ly  d e s c r i b e  c a t a l y s t  pe r -  
formance ove r  a range  of c o n d i t i o n s .  This  paper  d e s c r i b e s  a method 
f o r  ana lyz ing  t h e  expe r imen ta l  r e s u l t s  o f  c o a l  l i q u e f a c t i o n  r e a c t i o n s  
which may be  a p p l i e d  t o  a number of a s p e c t s  of c o a l  l i q u e f a c t i o n  
r e s e a r c h  and p r o c e s s  c o n t r o l ,  i n c l u d i n g :  r a p i d  s e l e c t i v i t y  and pe r -  
formance sc reen ing  f o r  c a t a l y s t s :  c o r r e l a t i o n  o f  l a b o r a t o r y  r e s u l t s  
w i th  p rocess  pa rame te r s ;  and o p t i m i z a t i o n  o f  product  y i e l d  fo r  p l a n t  
p rocess  c o n d i t i o n s .  C a t a l y s t  s e l e c t i v i t y  and performance s c r e e n i n g  
w i l l  be  emphasized h e r e .  

A primary goa l  o f  c a t a l y s t  development f o r  d i r e c t  c o a l  l i q u e f a c -  
t i o n  i s  t o  maximize t h e  y i e l d  o f  d i s t i l l a t e  p roduc t s  wh i l e  minimizing 
t h e  convers ion  t o  by-product hydrocarbon g a s e s  which u n p r o f i t a b l y  
consume much o f  t h e  hydrogen. S e l e c t i v i t y  r e l a t i o n s h i p s  f o r  d i r e c t  
c o a l  l i q u e f a c t i o n  c a t a l y s t s  have been d i f f i c u l t  t o  de t e rmine  and 
a c c u r a t e l y  d e s c r i b e ,  n o t  o n l y  because of t h e  complexity of t h e  r e a c t i o n  
mix tu res ,  bu t  a l s o  because  o f  t h e  d i f f i c u l t y  o f  comparing t h e  r e s u l t s  
of exper iments  performed a t  d i f f e r e n t  times and t empera tu res  o r  wi th  
d i f f e r e n t  t y p e s  of reactors. Imprec is ion  i n  c o n t r o l  of expe r imen ta l  
v a r i a b l e s  such  a s  t empera tu re  and c o n t a c t  t i m e  o f t e n  c a u s e s  s i g n i f i c a n t  
d i f f e r e n c e s  i n  conve r s ions  f o r  exper iments  f o r  which t h e  mean v a r i a b l e s  
were des igned  t o  be nominal ly  t h e  same. Thus s e l e c t i v i t y  comparisons 
based  on convers ions  a t  c o n s t a n t  t i m e  and t empera tu re  a r e  n o t  e n t i r e l y  
r e l i a b l e .  

The approach t o  s e l e c t i v i t y  r e l a t i o n s h i p s  d e s c r i b e d  i n  t h i s  paper  
i s  based on 1) a t e r n a r y  p roduc t  d i s t r i b u t i o n  diagram wi th  a h y p e r b o l i c  
re 1 a t  i on  

between product  and by-product conve r s ions  and 2 )  a hydrogen consump- 
t i o n  diagram which r e l a t e s  t h e  p roduc t  convers ion  t o  t h e  f r a c t i o n  of 
hydrogen consumed by t h e  p roduc t ion  of hydrocarbon gases .  Each o f  
t h e s e  diagrams correlates,  on a s i n g l e  c u r v e ,  p roduct  d i s t r i b u t i o n s  
from r e a c t i o n s  carried o u t  o v e r  a wide range  of expe r imen ta l  pa ra -  
me te r s ,  i n c l u d i n g  t empera tu re ,  t i m e  and d i f f e r e n t  r e a c t o r s .  

waterman f i r s t  used t e r n a r y  product  d i s t r i b u t i o n  diagrams wi th  
r e a c t i o n  p a t h s  r e p r e s e n t e d  by 

x(1-x)  
y = a + b x  2 )  

* This  work suppor ted  by t h e  U . S .  Department o f  Energy. 
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t o  d e s c r i b e  t h e  c a t a l y t i c  hydro i somer i za t ion  o f  p a r a f f i n  wax (1) 
and la te r  demonst ra ted  t h e i r  a p p l i c a t i o n  t o  t h e  c h a r a c t e r i z a t i o n  o f  
many o t h e r  complex chemica l  p r o c e s s e s  ( 2 ) .  Although t h e  t echn ique  
has  been used  t o  d e s c r i b e  o t h e r  hydrogenat ion  p r o c e s s e s  ( 2 , 3 ) ,  a p p l i -  
c a t i o n  t o  d i r e c t  c o a l  l i q u e f a c t i o n  has been unexplored. The r e s u l t s  
and a n a l y s i s  of d i r e c t  c o a l  l i q u e f a c t i o n  expe r imen t s  d e s c r i b e d  i n  
t h i s  paper  demons t r a t e  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  t e r n a r y  and 
hydrogen consumption d iagrams t o  s e l e c t i v i t y  tests f o r  c o a l  l i q u e -  
f a c t i o n  c a t a l y s t  development.  

EXPERIMENTAL 

Mater i a1 s 

L ique fac t ion  r e a c t i o n s  were performed wi th  I l l i n o i s  N o .  6 c o a l ,  
SRC-I1 heavy d i s t i l l a t e  from t h e  F t .  L e w i s  p i l o t  p l a n t  ( 1 : 2  coa1:so l -  
v e n t ,  by we igh t )  and h i g h  p u r i t y  hydrogen. An e x t e n s i v e l y  used 
commercial HDS c a t a l y s t ,  American Cyanamid 1 4 4 2 A ,  an alumina suppor ted  
CoMo fo rmula t ion ,  was t e s t e d  t o  e s t a b l i s h  b a s e - l i n e  s e l e c t i v i t y  
r e l a t i o n s h i p s .  T h e  c a t a l y s t  e x t r u d a t e s  w e r e  ground t o  a -200 mesh 
powder and added t o  t h e  r e a c t i o n  f e e d  s l u r r y  on a 5 weight pe rcen t  
coal b a s i s .  This  q u a n t i t y  o f  CoIBo/alumina was e q u i v a l e n t  t o  0.15% 
Co and 0.45% M o .  To t es t  t h e  u t i l i t y  of t h e  s e l e c t i v i t y  r e l a t i o n -  
s h i p s ,  a d d i t i o n a l  m i c r o r e a c t o r  exper iments  were performed w i t h  0.3% 
Mo a s  molybdenum naph thena te  ( 6 %  s o l u t i o n  o f  molybdenum i n  naph then ic  
a c i d ,  ob ta ined  from Research Organic/Research I n o r g a n i c ,  I n c . ) ,  a long  
wi th  a c o n t r o l  expe r imen t  w i t h  t h e  e q u i v a l e n t  amount o f  naphthenic  
a c i d  a lone .  

Apparatus and P rocedure  
3 Two t y p e s  o f  reactor sys tems w e r e  u t i l i z e d ,  30 cm b a t c h  micro- 

r e a c t o r s  ( 4 1 ,  and a o n e - l i t e r  a u t o c l a v e  ( 5 ) .  F o r  t h e  l o w  t o  moderate 
conve r s ion  range ,  microreactor exper iments  were performed a t  1000  
p s i g  c o l d  charge  hydrogen p r e s s u r e  and o v e r  a wide range  o f  t i m e s ,  
t = 0 .5  to  80  min, and t e m p e r a t u r e s ,  T = 350° t o  425OC. Two auto- 
c a l v e  exper iments  were conducted  a t  1000 p s i g  and 425OC f o r  30 and 
120 min t o  o b t a i n  d a t a  f o r  h igh  conve r s ions .  Temperatures and p res -  
s u r e s  were a c c u r a t e l y  r eco rded  d u r i n g  t h e  c o u r s e  o f  each  experiment.  
Following t h e  h e a t i n g  p e r i o d  o f  each  expe r imen t ,  t h e  r e a c t i o n  v e s s e l  
was quenched t o  ambient  t empera tu re ,  t h e  r e s u l t i n g  p r e s s u r e  was 
r e c o r d e d ,  a gas sample w a s  t a k e n ,  and t h e  p roduc t  s l u r r y  w a s  quan t i -  
t a t i v e l y  t r a n s f e r r e d  t o  a f l a s k  and subsampled f o r  a n a l y s i s .  

P roduc t  Ana lys i s  

G a s  samples w e r e  ana lyzed  f o r  mole p e r c e n t a g e s  o f  CO, CO , H S 
and C1-C4 hydrocarbons  w i t h  a Hewlett-Packard 5710A g a s  chromitoggaph, 
which was c a l i b r a t e d  w i t h  s t a n d a r d  m i x t u r e s  o f  hydrocarbon gases  and 
H S i n  hydrogen, o b t a i n e d  from Matheson G a s  Products .  Hydrogen i n  
tge samples was o b t a i n e d  by d i f f e r e n c e  a s  t h e  remainder o f  t h e  pro- 
d u c t  gas mixture .  T h e  q u a n t i t y  of each  g a s  produced w a s  c a l c u l a t e d  
from t h e  mole p e r c e n t  i n  t h e  g a s  sample and t h e  p o s t - r e a c t i o n  v e s s e l  
t empera tu re  T and p r e s s u r e  P u s i n g  an i d e a l  g a s  l a w  c a l c u l a t i o n :  

w = FW. ni 4 )  i 
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where n = number o f  moles o f  component i i 
f i  = mole f r a c t i o n  o f  i i n  t h e  gas  sample = mole % / l o 0  

v = gas  volume o f  r e a c t o r  
w. = weight  o f  i 

FWi = t h e  formula weight  o f  i 

Hydrogen consumed d u r i n g  t h e  r e a c t i o n  was o b t a i n e d  a s  t h e  d i f f e r e n c e  
between t h e  i n i t i a l  charge  and hydrogen remain ing  a f t e r  t h e  reactor 
w a s  quenched. 

The r e a c t i o n  p roduc t  s l u r r y  w a s  ana lyzed  f o r  i n s o l s ,  p reaspha l -  
t e n e s ,  a s p h a l t e n e s ,  and o i l s  by t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y  and 
h igh  performance l i q u i d  chromatography (HPLC). A 0 . 2  gm subsample 
was mixed w i t h  about  50 m l  o f  THF, f i l t e r e d  t o  o b t a i n  t h e  we igh t  of 
i n s o l s ,  and brought  t o  100 m l  w i th  a d d i t i o n a l  THF. Chromatograms o f  
5 p i  a l i q u o t s  of t h e  f i l t r a t e  were o b t a i n e d  wi th  a Waters Assoc. 
Model 6000A s o l v e n t  d e l i v e r y  sys tem equipped  w i t h  a Model 4 4 0  uv 
absorbance d e t e c t o r .  S e p a r a t i o n s  o f  t h e  s o l u t i o n  i n t o  t h r e e , f r a c t i o n s ,  
p r e a s p h a l t e n e s ,  a s p h a l t e n e s ,  and o i l s ,  were e f f e c t e d  on 100 A micro- 
s y r a g e l  g e l  permeation columns. The uv absorbance  response  f a c t o r s  
fo r  t h e  p roduc t  s e p a r a t i o n s  were de termined  u s i n g  s t a n d a r d s  p repa red  
by d i s s o l v i n g  known amounts of p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and o i l s  
o b t a i n e d  by s o x h l e t  s e p a r a t i o n  o f  whole l i q u i d  product  from p repa ra -  
t o r y  l i q u e f a c t i o n  exper iments  ( 6 ) .  Peak h e i g h t  measurement and 
response  f a c t o r s  w e r e  used t o  c a l c u l a t e  t h e  pe rcen tages  o f  p reaspha l -  
t e n e s ,  a s p h a l t e n e s  and o i l s  f o r  t h e  THF s o l u b l e  product .  A l l  y i e l d  
and convers ion  d a t a  were c a l c u l a t e d  on a d ry  mine ra l  m a t t e r - f r e e  
(dmmf) c o a l  b a s i s ,  which i n c l u d e d  a c o r r e c t i o n  f o r  t h e  conve r s ion  
of p y r i t e  con ten t  o f  t h e  c o a l  t o  p y r r h o t i t e .  

RESULTS AND DISCUSSION 

Process  Course and S e l e c t i v i t y  

Two t e r n a r y  diagrams of product/by-product d i s t r i b u t i o n s  f o r  t h e  
c o a l  l i q u e f a c t i o n  exper iments  p r e v i o u s l y  d e s c r i b e d  a r e  shown i n  
F i g u r e s  1 and 2.  Conversion d a t a  f o r  t h e  v a r i o u s  exper iments  a r e  
r e p r e s e n t e d  by t h e  fo l lowing  symbols-- 0 Co/Mo c a t a l y z e d ;  Mo-naph- 
t h e n a t e  c a t a l y z e d ;  and 0 naph then ic  a c i d  b lank .  In  F igu re  1, 
a s p h a l t e n e  convers ion  i s  p l o t t e d  a g a i n s t  o i l  convers ion  (both  w t  % 
dmmf b a s i s )  and i n  F i g u r e  2 ,  t h e  sum of mole p e r c e n t  o i l  and a spha l -  
t e n e  convers ion  i s  p l o t t e d  vs m o l e  p e r c e n t  hydrocarbon q a s  conver- 
s i o n .  Becawe of the l a r g e  d i f f e r e n c e  between molecular  weight  of  
gases  (CH t o  C H -- 16-58) and o t h e r  p roduc t s  ( e .g . ,  o i l s - -200  t o  
4 0 0 )  , t he lmole  behgent b a s i s  i s  used t o  more p r e c i s e l y  r e p r e s e n t  
t h e  t e r n a r y  diagrams invo lv ing  hydrocarbon gases .  For t h e  purpose  
o f  c a l c u l a t i n g  mole p e r c e n t a g e s ,  average  molecular  we igh t s  o f  2400, 
1200, 600 and 300 w e r e  assumed f o r  t h e  f r a c t i o n s  o f  I O M ,  p reaspha l -  
t e n e s ,  a s p h a l t e n e s  and o i l s .  These v a l u e s  approximate ly  co r re spond  
t o  t h e  middle of t h e  molecu la r  weight  d i s t r i b u t i o n  r anges  f o r  t h e s e  
f r a c t i o n s  (7). Moles o f  g a s e s  produced were expe r imen ta l ly  d e t e r -  
mined as p r e v i o u s l y  desc r ibed .  

F i g u r e s  1 and 2 i l l u s t r a t e  s e v e r a l  g e n e r a l  o b s e r v a t i o n s  which 
can be made about t h e  c o a l  l i q u e f a c t i o n  p rocess .  F i r s t ,  a l t hough  t h e  
l i q u e f a c t i o n  p rocess  i s  complex, i n v o l v i n g  myriad chemical s p e c i e s ,  
i ts c o u r s e  can be q u a n t i t a t i v e l y  d e s c r i b e d  by s imple  diagrams r e l a t i n g  
groups o f  compounds which r e a c t  i n  s i m i l a r  and p r e d i c t a b l e  manners. 
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These d iagrams may rough ly  be  cons ide red  t h e  k i n e t i c  ana log  o f  
e q u i l i b r i u m  phase  d iagrams i n  which t h e  number o f  components o f  a 
sys tem i s  t h e  smallest number o f  i ndependen t ly  v a r i a b l e  c o n s t i t u e n t s .  
The composi t ion  of t h e  l i q u e f a c t i o n  r e a c t i o n  mix tu re  i s  g iven  by the 
f r a c t i o n s  e x p l i c i t l y  r e p r e s e n t e d  by t h e  x and y axes ,  and a remainder  
p o r t i o n  r e p r e s e n t e d  by t h e  l e n g t h  o f  a h o r i z o n t a l  t i e  l i n e  from a 
p o i n t  on t h e  cu rve  t o  t h e  d i agona l  a x i s  c o n n e c t i n g  t h e  x and y axes .  
For F igu re  1, a s p h a l t e n e  and o i l  conve r s ion  are g iven  by t h e  y and x 
a x i s  and p r e a s p h a l t e n e ,  I O N  and gases  by t h e  t i e  l i n e .  Second, t h e  
hype rbo l i c  r e l a t i o n s h i p s  f o r  t h e  conve r s ion  o f  t h e  f r a c t i o n s  shown 
i n  t h e  f i g u r e s  r e p r e s e n t  un ique  r e a c t i o n  p a t h s  f o r  t h e .  Co/Mo c a t a l y z e d  
r e a c t i o n s ,  over a wide r ange  o f  o p e r a t i n g  cond i t ions - - t ime ,  tempera- 
t u r e  and r e a c t o r  t y p e .  Dev ia t ions  from t h i s  hyperbola  r e p r e s e n t  
c o n d i t i o n s  which change t h e  p r o c e s s  c o u r s e ,  f o r  example, t h e  o n s e t  
o f  competing p y r o l y s i s  r e a c t i o n s  a t  h igh  t empera tu res  which form coke  
and gas .  T h i s  i n d i c a t e s  t h a t  t h e  s e l e c t i v i t y  f o r  a c o a l  l i q u e f a c t i o n  
c a t a l y s t ,  w i t h  r e s p e c t  t o  product  groups ,  may b e  un ique ly  d e s c r i b e d  
by h y p e r b o l i c  r e l a t i o n s h i p s .  Support  f o r  t h i s  h y p o t h e s i s  is  g iven  by 
t h e  a n a l y s i s  o f  t h e  s e l e c t i v i t y  f o r  a set o f  t w o  u n i d i r e c t i o n a l ,  
consecu t ive  r e a c t i o n s  f o r  which t h e  s e l e c t i v i t y  may be d e s c r i b e d  by 
r e l a t i v e  c o n c e n t r a t i o n s  g iven  by h y p e r b o l i c  e q u a t i o n s  o f  one 
c o n s t a n t  ( 2 ,  8 ) .  

exempl i f i ed  by F i g u r e s  1 and 2 i s  t h a t  t h e y  may be  used t o  r a p i d l y  
s c r e e n  f o r  c a t a l y s t  s e l e c t i v i t y .  Once h y p e r b o l i c  r e l a t i o n s  are 
d e r i v e d  f o r  a b a s e l i n e  c a t a l y s t ,  t h e  s e l e c t i v i t y  o f  ano the r  c a t a l y s t  
may be screened  by comparison o f  i t s  product/by-product d i s t r i b u t i o n s  
f o r  one  o r  two expe r imen t s  w i th  t h e  hype rbo la  o f  t h e  b a s e l i n e  
c a t a l y s t .  I t  can be  s e e n  i n  F igu re  1 t h a t  t h e  p o i n t  f o r  t h e  M o  
naph thena te  expe r imen t  f a l l s  below t h e  cu rve  f o r  Co/Mo b u t  above t h e  
b lank  exper iment .  T h i s  i n d i c a t e s  t h a t  t h e  o r d e r  of a s p h a l t e n e  t o  o i l  
s e l e c t i v i t y  i s :  

Blank < Mo-naphthenate < Co/Mo. 

I n  F igu re  2 ,  t h e  sum of t h e  coal conve r s ion  p r o d u c t s ,  o i l s  and 
a s p h a l t e n e s  , a r e  p l o t t e d  a s  a f u n c t i o n  of unwanted by-product hydro- 
carbon gas conve r s ion .  Again, t h e  Mo-naphthenate p o i n t  f a l l s  between 
t h e  Co/Mo c u r v e  and t h e  b lank .  Thus Mo-naphthenate, a t  t h e  concen- 
t r a t i o n  used  i s  n o t  a s  s e l e c t i v e  f o r  a s p h a l t e n e  and o i l  convers ion  
as Co/Mo, b u t  does  promote a bet ter  product/by-product r a t i o  t h a n  
t h e  non-ca ta lyzed  exper iment .  

Hydrogen Consumption Diagram 

The u t i l i t y  o f  t e r n a r y  diagrams and h y p e r b o l i c  r e l a t i o n s h i p s  

Another u s e f u l  r e l a t i o n s h i p  developed t o  de t e rmine  t h e  e f f i c i e n c y  
or s e l e c t i v i t y  o f  a hydrogenat ion  c a t a l y s t  w i t h  r e s p e c t  t o  p r o c e s s  
hydrogen consumption i s  i l l u s t r a t e d  i n  F igu re  3 ,  a p l o t  of t h e  sum of 
o i l  and a s p h a l t e n e  conve r s ion  ( w t  % ,  dmmf) as a f u n c t i o n  o f  t h e  
f r a c t i o n  of hydrogen consumed by p roduc t ion  of  hydrocarbon gases  
( t h e  r a t i o  of  t h e  weight  o f  hydrogen i n  t h e  hydrocarbon gases  t o  t h e  
hydrogen consumed). Again,  a wide range  o f  expe r imen ta l  c o n d i t i o n s  
f o r  hydrogenat ion  of coal c a t a l y z e d  by  Co/Mo can be  r e p r e s e n t e d  by a 
s i n g l e  cu rve .  T h i s  diagram p rov ides  a more s i g n i f i c a n t  s e l e c t i v i t y  
t e s t  than  t h e  h y p e r b o l i c  c o r r e l a t i o n s  i n  t h a t  i t  r e l a t e s  d i r e c t l y  t o  
a primary g o a l  of  c a t a l y s t  development fo r  d i r e c t  c o a l  l i q u e f a c t i o n - -  
maximizing the  y i e l d  of d i s t i l l a t e  p r o d u c t s  w i th  r e s p e c t  t o  hydrogen 
consumption. F i g u r e  3 i l l u s t r a t e s  t h a t  hydrogenat ion  e f f i c i e n c y  o f  
Co/Mo-catalyzed conve r s ion  o f  c o a l  t o  o i l  and a s p h a l t e n e s  s h a r p l y  
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d e c r e a s e s  above conve r s ions  o f  about  80%. P o i n t s  r e p r e s e n t i n g  
exper iments  f o r  o t h e r  c a t a l y s t s  f a l l i n g  below t h e  Co/Mo cu rve  i n d i -  
cate t h a t  t h e s e  c a t a l y s t s  are less e f f i c i e n t  t han  Co/Mo w i t h  r e s p e c t  
t o  hydrogen consumption. The p o i n t  r e p r e s e n t i n g  t h e  Mo-naphthenate 
experiment f a l l s  close t o  t h e  Co/Mo cu rve  i n d i c a t i n g  an e f f i c i e n c y  
n e a r l y  e q u a l  to  Co/Mo, wh i l e  t h e  b lank  exper iment  (naph then ic  a c i d )  
shows t h a t  non-catalyzed c o a l  convers ion  i s  much less e f f i c i e n t  i n  
hydrogen consumption. 
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Research  D i v i s i o n  

L i b r a r y ,  PA 15129 

INTRODUCTION 

The G i e s e l e r  method(') of measuring t h e  f l u i d i t y  of  c o a l  h a s  long  been 
a parameter  used by t h e  s t e e l  i n d u s t r y  f o r  t h e  e v a l u a t i o n  of  coke oven feeds tocks .  
T h i s  a n a l y t i c a l  t echnique  i n  which t h e  r o t a t i o n a l  speed of  a r a b b l e  arm s t i r r e r  
he ld  i n  a packed sample of  ground c o a l  i s  measured a s  i t  i s  t w i s t e d  w i t h  a known 
t o r q u e  whi le  t h e  sample i s  hea ted  t h r o u g h  t h e  p l a s t i c  r a n g e ,  i s  a measure of t h e  
pseudo v i s c o s i t y  of  t h e  molten or semi-molten c o a l .  

The i n t e r e s t  i n  r e c e n t  y e a r s  i n  t h e  g a s i f i c a t i o n  of E a s t e r n  U.S. bi tumi-  
nous c o a l s  h a s  l e d  t o  concern over  p o t e n t i a l  coking  and handl ing  problems of t h e s e  
c o a l s  a s  t h e y  a r e  fed t o  t h e  g a s i f i e r .  Conoco 's  e x p e r i e n c e  w i t h  t h e  g a s i f i c a t i o n  
o f  two h ighly  f l u i d  E a s t e r n  c o a l s  d u r i n g  t h e  DOE sponsored Technica l  Support  
Program f o r  t h e  B r i t i s h  Gas/Lurgi s l a g g i n g  g a s i f i e r  p r o j e c t  suggested t h a t  t h e s e  
c o a l s  demonst ra te  s i g n i f i c a n t l y  d i f f e r e n t  coking and f l u i d i t y  p r o p e r t i e s  under  
g a s i f i e r  c o n d i t i o n s  t h a n  they  do a t  s tandard  a tmospher ic  c o n d i t i o n s .  Hence Conoco 
began a program f o r  t h e  e v a l u a t i o n  o f  g a s i f i e r  f e e d s t o c k s  which i n c l u d e s  examining 
t h e  coking p r o p e r t i e s  a t  s imula ted  g a s i f i e r  c o n d i t i o n s .  

A s  a p a r t  of t h i s  o v e r a l l  program Conoco h a s  designed and b u i l t  a p r e s -  
s u r i z e d  Gieseler Plas tometer  i n  which it i s  p o s s i b l e  t o  measure t h e  f l u i d i t y  of 
c o a l s  i n  a tmospheres  o f  any d e s i r e d  composi t ion  and a t  t o t a l  p r e s s u r e s  up t o  450  
p s i g .  The i n i t i a l  s e r i e s  of tests i n  t h i s  a p p a r a t u s ,  r e p o r t e d  h e r e ,  i s  a s tudy of 
t h e  e f f e c t  of  n i t r o g e n  and hydrogen p r e s s u r e  on t h e  f l u i d i t y  of a P i t t s b u r g h  No. 8 
seam c o a l .  Ni t rogen  was chosen a s  a n  " i n e r t "  g a s  t o  examine only t h e  e f f e c t  of 
t o t a l  p r e s s u r e  while  hydrogen - probably  t h e  most r e a c t i v e  g a s  i n  a g a s i f i e r  - was 
chosen  a s  a f i r s t  approximation t o  a g a s i f i e r  g a s .  

EXPERIMENTAL 

Appara tus  -- 
The b a s i c  a p p a r a t u s  c o n s i s t s  o f  a S tandard  I n s t r u m e n t a t i o n  Model P-11R 

r e s e a r c h  v e r s i o n  G i e s e l e r  P l a s t o m e t e r  w i t h  t h e  measuring head and s o l d e r  p o t  
mounted i n  a p r e s s u r e  v e s s e l  and t h e  a s s o c i a t e d  e l e c t r o n i c s  l o c a t e d  e x t e r n a l l y .  
F i g u r e  1 i s  a d e s i g n  drawing of  t h e  a p p a r a t u s .  The p r e s s u r e  v e s s e l  i s  f a b r i c a t e d  
from a 30" long ,  10" d i a  schedule  4 0  p i p e ,  capped a t  t h e  bottom and f l a n g e d  a t  t h e  
t o p .  A s o l d e r  p o t  r e s t s  on a p e r f o r a t e d  s t e e l  p l a t e  a t  t h e  bottom and t h e  measur- 
i n g  head and c r u c i b l e  assembly a r e  suspended from t h e  t o p  f l a n g e .  A s i g h t  gauge 
i s  provided t o  i n s u r e  p r o p e r  a l ignment  d u r i n g  t h e  lower ing  of  t h e  c r u c i b l e  i n t o  
t h e  s o l d e r  p o t .  

E l e c t r i c a l  l e a d s  a r e  passed  i n t o  t h e  p r e s s u r e  s h e l l  th rough conax 
p r e s s u r e  s e a l  f i t t i n g s .  The v e s s e l  i s  p r e s s u r i z e d  through a h a l f  i n c h  i n l e t  p o r t  
and t h e  p r e s s u r e  i s  monitored d u r i n g  a r u n  v i a  a 0-600 p s i g  p r e s s u r e  i n d i c a t o r .  
The v e s s e l  h a s  a p r e s s u r e  r e l i e f  v a l v e  s e t  a t  approximately 5 5 0  p s i g  t o  i n s u r e  
a g a i n s t  a c c i d e n t a l  over  p r e s s u r i z a t i o n .  F igure  2 i s  a f low diagram f o r  t h e  pres -  
s u r i z e d  G i e s e l e r  p l a s t o m e t e r  a t  Conoco Coal  Development Company. 
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P r o c e d u r e  

The c o a l  i s  sampled, ground and packed i n t o  t h e  c r u c i b l e  i n  t h e  s tandard  
The packed c r u c i b l e  assembly i s  t h e n  connected t o  t h e  measuring head manner.(') 

and t h e  whole assembly i s  lowered,  a long  w i t h  t h e  a t t a c h e d  top  f l a n g e ,  i n t o  t h e  
p r e s s u r e  v e s s e l .  When t h e  f l a n g e  i s  f l u s h  w i t h  t h e  t o p  t h e  c r u c i b l e  i s  a t  t h e  
p r o p e r  p o s i t i o n  i n  t h e  s o l d e r  b a t h  which i s  prehea ted  t o  320'C. 
t h e  f lange  i s  s e a l e d  and t h e  v e s s e l  evacuated .  The v e s s e l  i s  p r e s s u r i z e d  w i t h  t h e  
d e s i r e d  g a s  and, a s  soon as  t h e  s o l d e r  Pot  tempera ture  r e c o v e r s  t o  32OoC, t h e  run  
i s  begun. 

A f t e r  lowering,  

The sample i s  hea ted  a t  a Cons tan t  r a t e ,  normally 3OC/min, and t h e  r o t a -  
t i o n  of  t h e  r a b b l e  arm s t i r r e r  i s  c o n s t a n t l y  monitored and i s  p r i n t e d  out  e a c h  
minute .  The u n i t  o f  d i a l  d i v i s i o n s  p e r  minute  (DDPM) which is a c t u a l l y  100 times 
t h e  r o t a t i o n a l  speed i n  RPM a r e  t h e  s t a n d a r d  G i e s e l e r  f l u i d i t y  u n i t s .  

A s  t h e  c o a l  sample i s  hea ted  it b e g i n s  t o  s o f t e n  and t h e  stirrer b e g i n s  
t o  r o t a t e .  The p o i n t  a t  which t h i s  o c c u r s  i s  c a l l e d  t h e  s o f t e n i n g  tempera ture ,  Ts.  
F u r t h e r  hea t ing  t h e  sample l e a d s  t o  a n  i n c r e a s e  of  t h e  s t i r r e r  r o t a t i o n  u n t i l  t h e  
maximum r a t e  i s  reached  a t  t h e  t e m p e r a t u r e  of maximum f l u i d i t y ,  TM. F i n a l l y  a s  
t h e  tempera ture  of t h e  c o a l  i s  r a i s e d  p a s t  TM t h e  f l u i d i t y  b e g i n s  t o  d e c r e a s e  
u n t i l  t h e  tempera ture  o f  r e s o l i d i f i c a t i o n ,  TR, i s  reached .  A t  t h i s  p o i n t  a l l  
s t i r r e r  r o t a t i o n  s t o p s  and t h e  sample i s  normally f u l l y  coked. 

A t  t h e  end of a run t h e  v e s s e l  is  d e p r e s s u r i z e d  and t h e  sample, c r u c i b l e  
and head assembly are removed f o r  c l e a n i n g .  
hours .  

R e s u l t s  and D i s c u s s i o n  

A complete  run r e q u i r e s  about  1.5-2  

The c o a l  used  i n  t h i s  work was from Montour No. 1 mine and i s  a h i g h  
v o l a t i l e ,  h i g h l y  c a k i n g  E a s t e r n  U.S .  b i tuminous  c o a l  from t h e  P i t t s b u r g h  No. 8 
seam. The r u n  of mine (ROM) c o a l  was screened a t  3/4" and only  t h e  washed +3/4" 
lumps were used i n  t h i s  work. The c o a l  was s t o r e d  i n  a sea led  p l a s t i c  bag and 
was ground f o r  t h e  G i e s e l e r  work j u s t  p r i o r  t o  use. Table  1 shows the proximate 
and u l t i m a t e  a n a l y s e s  of t h i s  c o a l  t o g e t h e r  w i t h  t h e  energy c o n t e n t ,  t h e  s tandard  
G i e s e l e r  f l u i d i t y  and F r e e  Swel l ing  Index  (FSI) . 

A t o t a l  o f  44 r u n s  were made i n  t h i s  s tudy ,  2 3  with  p r e p u r i f i e d  n i t r o g e n  
and 21 with  hydrogen. The r e s u l t s  of  t h e s e  exper iments  a r e  g i v e n  i n  Table  2.  The 
f l u i d i t y  g i v e n  a t  e a c h  p o i n t  is  t h e  a v e r a g e  of  t h e  maximum f l u i d i t y  v a l u e  from a t  
least two r u n s  and f o r  the u n p r e s s u r i z e d  c a s e s ,  f o u r  r u n s .  The agreement between 
d u p l i c a t e  r u n s  was a lways  b e t t e r  t h a n  i 10%. 

S i n c e  the maximum f l u i d i t y  o b t a i n a b l e  a t  s t a n d a r d  G i e s e l e r  c o n d i t i o n s  Of 

1 . 4 0  o z - i n  (141 gm.cm) o f  t o r q u e  i s  about  28,000 most o f  t h e  d a t a  obta ined  here  
were a t  l o w e r  t o r q u e  s e t t i n g s  o f  e i t h e r  0.45  o z - i n  (45 g-cm) or 0.30 o z . i n  (30 
g-cm).  A l l  t h e  d a t a  r e p o r t e d  i n  t e r m s  o f  t h e  s tandard  t o r q u e  va lue .  This  v a l u e  
was o b t a i n e d  by m u l t i p l y i n g  t h e  measured f l u i d i t y  by the r a t i o  of  s tandard  t o r q u e  
t o  t h e  torque  v a l u e  a c t u a l l y  used ( i . e . ,  3.11 or 4 . 6 7  f o r  t h e  t w o  c a s e s  i n  t h i s  
work). When d u p l i c a t e  r u n s  were made u s i n g  the d i f f e r e n t  t o r q u e  s e t t i n g s  t h e  
agreement between t h e  c o r r e c t e d  f l u i d i t i e s  was a s  good a s  t h a t  ob ta ined  for 
d u p l i c a t e  r u n s  a t  t h e  same t o r q u e  s e t t i n g .  T h i s  s u g g e s t s  t h a t ,  a t  l e a s t  i n  t h e  
c a s e  of h i g h l y  f l u i d  coals, a c o a l  i n  i t s  p l a s t i c  s t a t e  may resemble a Newtonian 
1 i q u i d  . 

I f  it is p o s s i b l e  t o  t r e a t  t h i s  c o a l  a s  a Newtonian l i q u i d  we can ,  by 
c a l i b r a t i o n  of o u r  p l a s t o m e t e r  c r u c i b l e  and stirrer w i t h  v i s c o s i t y  s t a n d a r d s ,  
e s t i m a t e  t h e  v i s c o s i t y  o f  t h e  c o a l  i n  i t s  p l a s t i c  s t a t e .  Such c a l i b r a t i o n  g i v e s  
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t h e  f o l l o w i n g  r e l a t i o n s h i p  between "pseudo" v i s c o s i t y ,  (po ise)  and f l u i d i t y ,  F 
(DDPM) . 

l o g i o Q =  - l o g l o F  + 7.257 1) 

T h i s  s u g g e s t s  t h a t  t h e  apparent  v i s c o s i t y  o f  t h e  Montour N o .  4 c o a l  used i n  t h i s  
work, a t  t h e  tempera ture  of  i t s  maximum f l u i d i t y ,  l i e s  between about  170 and ZOO0 
p o i s e .  

F igure  3,  a p l o t  o f  t h e  d a t a  i n  Table  2 c l e a r l y  shows t h e  e f f e c t  t h a t  
p r e s s u r e  h a s  on  t h e  maximum f l u i d i t y  o f  t h i s  p a r t i c u l a r  c o a l .  I n i t i a l l y ,  t h e  
f l u i d i t y  i s  increased  q u i t e  r a p i d l y  by r a i s i n g  t h e  p r e s s u r e  o f  b o t h  hydrogen and 
n i t r o g e n ,  however, whi le  t h e  e f f e c t  i s  seen t o  c o n t i n u e  almost  l i n e a r l y  for t h e  
hydrogen p r e s s u r e ,  t h e  n i t r o g e n  p r e s s u r e  h a s  only a l i m i t e d  e f f e c t  above about  
100 p s i g .  
who made a s i m i l a r  s tudy f o r  t h e  medium f l u i d i t y ,  weakly caking  Akabira  c o a l .  The 
i n i t i a l  l a r g e  i n c r e a s e  i n  maximum f l u i d i t y  w i t h  p r e s s u r e  i s  probably  due t o  t h e  
r e t a r d e d  r a t e  of v o l a t i l e  e v o l u t i o n .  With t h e  more v o l a t i l e  and hence presumably 
l e s s  v i s c o u s  components he ld  i n  t h e  " p l a s t i c "  c o a l  l o n g e r ,  an i n c r e a s e  i n  maximum 
f l u i d i t y  i s  l o g i c a l .  

These e f f o r t s  a r e  c o n s i s t e n t  w i t h  those observed by Kaiho and Toda(') 

Another ,  a l t h o u g h  seemingly l e s s  l i k e l y ,  p o s s i b i l i t y  f o r  t h e  i n c r e a s e d  
f l u i d i t y  is  t h e  i n c r e a s e d  d i s s o l u t i o n  of  t h e  g a s  used and/or c o a l  g a s e s  i n  t h e  c o a l  
l i q u i d s  which may l e a d  t o  a d e c r e a s e  i n  t h e  v i s c o s i t y  of  t h e  c o a l  system and hence 
t o  a n  i n c r e a s e  i n  t h e  f l u i d i t y .  The h i g h e r  f l u i d i t i e s  observed w i t h  n i t r o g e n  vs .  
hydrogen i n  t h e  range 0-150 p s i g  may be a n  exper imenta l  a r t i f a c t  caused by s l i g h t l y  
lower h e a t i n g  r a t e s  f o r  t h e  hydrogen c a s e s  due t o  t h e  h igher  thermal  c o n d u c t i v i t y  
of  hydrogen. I t  is  known t h a t  h e a t i n g  r a t e  i s  d i r e c t l y  r e l a t e d  t o  t h e  f l u i d i t y  of  
c e r t a i n  c o a l s . ( 3 )  

A s  t h e  p r e s s u r e  of t h e  i n e r t  g a s ,  n i t r o g e n ,  i s  f u r t h e r  i n c r e a s e d ,  t h e  
l e v e l i n g  o f f  of t h e  f l u i d i t y  may be due  t o  approaching t h e  l i m i t s  o f  t h e  e f f e c t  of 
p r e s s u r e  a l o n e  on f l u i d i t y .  P o s s i b l y  p r e s s u r e s  of 100-150 p s i g  a r e  s u f f i c i e n t  t o  
r e t a r d  t h e  escape  o f  v o l a t i l e s  u n t i l  t h e  p l a s t i c  c o a l  h a s  reached i t s  tempera ture  
of maximum f l u i d i t y .  Above t h e s e  p r e s s u r e s  it a p p e a r s  t h a t  any a d d i t i o n a l  v o l a -  
t i l e s  which a r e  t rapped  have l i t t l e  e f f e c t  on t h e  f l u i d i t y .  

The much more d r a m a t i c  e f f e c t  of  hydrogen p r e s s u r e  on t h e  maximum 
f l u i d i t y ,  F igure  3 ,  i s  probably  due t o  r e a c t i o n s  between t h e  hydrogen and compo- 
n e n t s  i n  t h e  c o a l  a s  w e l l  a s  t h e  r e t a r d a t i o n  of v o l a t i l e  escape .  T h i s  observed  
hydrogen e f f e c t  i s ,  of  c o u r s e ,  c o n s i s t e n t  w i t h  t h e  l i q u e f a c t i o n  of  c o a l  by v e r y  
h igh  p r e s s u r e s  e 2000 p s i g )  of  hydrogen a t  approximately t h e  t e m p e r a t u r e  of  
maximum f l u i d i t y .  

While t h e  p r e s s u r e  h a s  a major e f f e c t  on t h e  maximum f l u i d i t y  o f  t h e  
c o a l  it shows almost  no r e l a t i o n  t o  t h e  tempera ture  of  maximum f l u i d i t y .  A l s o  no 
e f f e c t  of p r e s s u r e  on t h e  s o f t e n i n g  p o i n t  or t h e  r e s o l i d i f i c a t i o n  tempera ture  was 
observed.  Throughout t h i s  work t h e  s o f t e n i n g  tempera ture  was 360 &5OC, t h e  
s o l i d i f i c a t i o n  tempera ture  was 475 * 5OC and t h e  tempera ture  of  maximum f l u i d i t y  
was 435 i 5OC. 
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Prox ima te  A n a l y s i s  
M O I S t U r e  
Ash 
V o l a t i l e  M a t t e r  

TABLE 1, - 
A n a l y s i s  Of Montour NO. 4 Coal  

U l t i m a t e  A n a l y s i s  (Dry Basis) 
C (8) 
H (8)  
N (%) 
s (8)  
0 (BY D i f f . )  (%) 

U l t i m a t e  A n a l y s i s  (MAF) 
C (8 )  
H (%) 
N (%I 
s (B) 
0 (By D i f f . )  (k, 

Energy  Con ten t  (Dry B a s i s )  
HW (BLu/lb) 

F r e e  S w e l l i n g  Index  

F l u i d i t y  (DDPM) 

1.69 
6 .97  

38 .79  

76.81 
5.16 
1 . 7 3  
1.35 
7 .98  

82.67 
5.55 
1 .86  
1 .46  
8 .46  

14 .110  

7-1/2 

9300 

TABLE 2 - 
F l u i d i t y  o f  Montour NO. 4  C o a l  i n  Ni t rogen  and Hydrogen Atmospheres  

Cas 

N i t r o g e n  

Hydrogen 

p r e s s u r e  
(psig) 

0 
50 

100 
150  
200 
250 
300 
350 
400 

0 
50 

100 
1 5 0  
200 
250  
300 
350 
400 

9,300 
22 .300  
38 ,800  
44 ,600  
46 .800  
48 ,100  

51.200 
51.900 

49.100 

9 ,400  
19.400 
34 ,700  
40,w0 
51.100 
65,900 
80.800 
95,100 

1 0 4 , 9 0 0  

(1) F l U i d i t y  rounded to n e a r e s t  103 DDPM based on average of a t  l e a s t  2 
mea Nrement  9. 

A l l  runs a t  3 * . l °C/nin h e a t i n g  r a t e .  
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DIFFUSION OF I O N S  I N T O  COAL: METHOD OF MEASUREMENT, 
ORDER OF MAGNITUDE AND DIRECTIONAL EFFECTS 

By: A t t a r ,  A. and Warren, 0. 
Dept. Chem. Eng., N.C.S.U., Raleigh, N.C. 27650 

1. INTRODUCTION 
Inco rpo ra t i on  o f  meta l  i ons  from s o l u t i o n  i n t o  the  coal  s t r u c t u r e  

I n  t h i s  work, p r e l i m i n a r y  

i s  becaning a use fu l  method t o  achieve h i g h  con tac t  between the  coal  
sur face and the  meta l  i ons .  However, no  data were found i n  the l i t e r a t u r e  
r e l a t i v e  t o  the d i f f u s i v i t y  o f  i ons  i n  coa l .  
r e s u l t s  are repo r ted  on t h e  r a t e  o f  d i f f u s i o n  o f  ions i n t o  coal  and on t h e  
r a t e  o f  leaching o f  i o n s  from coal .  

The main r e s u l t s  found are t h a t :  
i n  d i f f e r e n t  d i r e c t i o n s  o f  a v i t r i n i t e  p a r t i c l e ,  r e l a t i v e  t o  the  d i r e c t i o n  
o f  t h e  beddin and 2) t he  d i f f u s i o n  c o e f f i c i e n t  o f  calcium i o  i s  o f  t h e  
o rde r  o f  lO- l~ 'cm2/sec i n  the d i r e c t i o n  o f  the bedding and 
i n  the  d i r e c t i o n  pe rpend icu la r  t o  the bedding. 

i n  polymethyl me tac ry la te  stubs, 3/4" i n  diameter and 3/8 - 1/2" t h i c k .  
The s tubs  were c u t  through t h e  c o a l  p a r t i c l e s  and the exposed sur faces were 
p o l i s h e d  under pet ro leum e t h e r ,  us ing c l o t h s  220, 400 and 600 success ive ly .  
F i n i s h i n g  was done u s i n g  0.3 micron alumina powder i n  petroleum e the r .  The 
p o l i s h e d  sur face was s p u t t e r e d  w i t h  carbon and grounded w i t h  s i l v e r  p a i n t .  

The sur faces were scanned us ing  a 20000 V o l t  e l e c t r o n  beam and the 
K, x-rays f r a n  the  ca lc ium were c o l l e c t e d  w i t h i n  + 2  eV. The r e s o l u t i o n  
between the Ca (b) l i n e s  and the  K (Kg) l i n e s  appears t o  be adequate t o  
a l l o w  separat ion o f  t h e  calcium. 

Scanning o f  t he  coa l  sur face was done a t  t h e  r a t e  o f  3 microns/minute 
and p l o t t e d  a t  e i t h e r  3 microns/ inch o r  16 microns/inch. 
o f  x-rays were i n t e g r a t e d  and p r i n t e d  every 20 seconds. 

3. MODES OF CALCIUM PENETRATION 

o f  a tans o f  ca lc ium i n  a segment o f  volume o f  t he  coal  specimen, w i t h  a 
shape o f  a d r o p l e t  o f  t e a r ,  with an average l e n g t h  o f  about 6-10 microns 
and a diameter o f  3-5 microns near the surface. This volume w i l l  be here-  
t o f o r e  t i t l e d  the "probe volume." Obviously, t he  s igna l  obtained w i l l  n o t  
reso lve  d i f f e rences  i n  concentrat ions o f  ca lc ium associated w i t h  fea tu res  
sma l le r  than the  probe volume and consequently t h e  s i g n a l  i s  on l y  an average 
measure o f  t h e  ca lc ium p resen t  i n  the probe volume i n  a l l  forms. A s p e c i a l  
mathematical method i s  being developed t o  "deconvolute" the s i g n a l  i n  order  
t o  reso lve  f i n e r  fea tu res .  

1) the d i f f u s i v i t y  o f  ions va r ies  

cm2/sec 

2 .  EXPERIMENTAL 
The coa l  p a r t i c l e s  t o  be examined were h o t  pressed (7OoC, 15000 p s i )  

The t o t a l  counts 

The r e s u l t s  t h a t  a re  obta ined a re  a s i g n a l  p ropor t i ona l  t o  t h e  number 

The main modes by which ca lc ium cou ld  have penetrated i n t o  t h e  coa l  are 
1. Pene t ra t i on  o f  Cat2 through pores. 
2 .  D i f f u s i o n  o f  Ca+2 ions  i n t o  t h e  s o l i d  m a t r i x  and forming a Ca- 

con ta in ing  i n t e r c o l a t e .  
F igure 1 shows the form o f  t he  s i g n a l  expected when pene t ra t i on  o f  Ca occurs 
i n t o  t h e  s o l i d ,  through a pore o r i e n t e d  p a r a l l e l  t o  the d i r e c t i o n  o f  t r a v e l  
of t h e  beam and through a pore presented perpendicu lar  t o  the  d i r e c t i o n  o f  
t r a v e l  of t h e  beam. Since the  d i f f u s i o n  c o e f f i c i e n t  i n  l i q u i d  i s  substan- 
t i a l l y  l a r g e r  than i n  s o l i d ,  a r e l a t i v e l y  l o w  i nco rpo ra t i on  occurs v i a  t h e  
micropores (r < 0.01 M )  and most o f  t he  ca lc ium inco rpo ra t i on  occurs v i a  
the mesopores and t h e  macropores. 

F i r s t ,  the models and t h e i r  s o l u t i o n s  w i l l  be described and then data w i l l  
be presented and i n t e r p r e t e d .  

Several models can be used t o  i n t e r p r e t  t he  experimental r e s u l t s .  

.. . 172  



3.1 

Thus : 

E f f e c t i v e  D i f f u s i o n  through a Thin Layer o f  S o l i d  
I n  t h e  case o f  a t h i n  l a y e r  the  u n i d i r e c t i o n a l  model i s  app l i cab le .  

a c =  a c  
a t  2 9 

2 
(1  1 - 

c(0,x) = 0 y 

c(t,O) = co , 
and 

The s o l u t i o n  i s :  
c(t,-) = O . 

X C = e r f c  (-1 . 
cO 2 q  

(5) 

x i s  the d i s tance  from t h e  sur face,  OS i s  t h e  e f f e c t i v e  d i f f u s i v i t y  
c o e f f i c i e n t ,  and t i s  the pene t ra t i on  time. 
i s  c and co i s  t h e  concen t ra t i on  near t h e  sur face.  
canplementary, e r f c ,  i s  def ined by: 

The concen t ra t i on  a t  ( x , t )  
The e r r o r  f unc t i on  

(6) 

- _  & ,  a t  L ,x2 
c(D,t) = co , 
C(X,O) = 0 , 
ac - ( e , t )  = 0. ax 

The s o l u t i o n  i s :  
-xnDLt 2 

m 

s i n  xnx - =  C 1 - 1  4e 
cO n = l  (2n-1)n + (-I)"++' 

Obviously : 

(7) m 2  J;; e-' du = 7 
0 

Equation (5)  i s  u s e f u l  t o  i n t e r p r e t  data f o r  d i f f u s i o n  through a 
was used t o  normal ize the  d i s t r i b u t i o n s .  

t h i n  l a y e r  o f  s o l i d  o r  e f f e c t i v e  d i f f u s i v i t y  through heterogeneous 
fea tu res  sma l le r  than the depth o f  penetrat ion.  
3.2 E f f e c t i v e  D i f f u s i o n  Through a Pore F u l l  w i t h  L i q u i d  

9 

(8) 

(9) 
(10)  

(11) 

(12) 

(2n-1)n . A =  n 2a. 
The t o t a l  m a t e r i a l  d i f f u s e d  a f t e r  t ime  t i s : *  

-A-D, t 

d t  'n t t m  e " 
M = - D(E) Adt + 4DAc0 1 

0 x=o 0 n = l  (2n-1)a .k (-1)"+' 
-XnDLt  2 

m 

= - 4DAc0 1 1 - e  
n = l  ~ ( 2 n - l ) n  + (-I)"+'] xnoL 
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The use of equation (14) i s  not imnediately obvious since the to ta l  area 
of pore mouth/unit mass, A ,  i s  n o t  readily available and because A n  
depends on the d is t r ibu t ion  of pore lengths. 

4. TESTS PERFORMED 
The experimental tests performed can be divided in to  two classes: 
A .  Tests used t o  develop the method. 
B .  Tests on samples exposed t o  calcium acetate solution a t  room 

temperature and atmospheric pressures. 
4.1 Method Development 

The method t h a t  h a s  been developed was described i n  the previous 
section. The poss ib i l i t y  of inaccurate resu l t s  due t o  overlap of conse- 
q u a t i v e  scanning in te rva ls  should be addressed. Since the beam i s  a b o u t  
4 microns i n  diameter and a p r i n t o u t  i s  generated every twenty seconds, 
each printout represents counts t a k e n  over 4 microns diameter beam which 
moved 1 micron. T h u s ,  the second printout will  include counts taken from 
some of the  calcium atoms which contributed t o  the  f i r s t  counts. I n  addi- 
t i o n ,  since the  electron beam damages the  surface t o  some exten t ,  the 
r e su l t s  may be d is tor ted .  The data show, however, t ha t  in three Ca curves 
almost on the same coal surface p a t h ,  forward, backward and forward again, 
very l i t t l e  d i s to r t ion  occurred over about 200 microns. 
4.2 Incorporation Tests 

Colberg seam ( W .  Va. ) were: 
Samples of  v i t r i n i t e  from an I l l i n o i s  #6 (Monterey Mine) and of the 

1 .  Leached with HC1 2:l per 20 min. 
2. Mixed with 0.05M calcium acetate solution a t  room temperature 

f o r  78 hours, dried and stored under nitrogen unt i l  fixed in 
the polymer. 

Leaching of calcium occurs through a boundary layer. 
The thickness of the leached layer i s  d i f f e ren t  in d i f fe ren t  
directions of the seam. 

The r e su l t s  on the HC1 treated samples had a large s t a t i s t i c a l  e r ro r  b u i l t  
i n to  them b u t  show tha t :  

1 .  
2. 

For each leaching, the governing equation i s :  

The data collected f o r  the f i r s t  fourteen microns near the surface and the 
background information a re  tabulated in Table 1. 

a l o t  of x/(2m vs. x should give a s t r a igh t  l i n e ,  with slope of l':;ih$ . T h e  l i ne  wi l l  not necessarily in te rsec t  with the or ig in ,  since 
there  is uncertainty r e l a t ive  t o  the exact location of the  surfac 

In accord w i t h  equation 

of the 
par t ic le .  Figure 2 shows tha t  he lope of the l i ne  i s  806.4 cm- t which 

10- 18 cm 3 /sec since the leaching time was 78 

values of De i n  the range of 10-9 - 10- i! cm 5 /sec. However, i t  appears 

corresponds t o  De = 1.68 
hours. Similar calculations f o r  scans d i  f e r en t  directions yielded 

tha t  10-12 cm2/sec can be considered a representative number f o r  t h i s  coal. 
Many samples of coal were treated fo r  periods of 1 hour t o  5 days 

w i t h  excess solution of 0.05M calcium acetate in water. The samples were 
fixed in polymethyl metacrylate base, sputtered with carbon and analyzed 
a s  before. The data seem t o  indicate two modes of penetration of calcium: 
( A )  by diffusion through the  surface, and ( b )  by f i l l i n g  u p  o f  pores. 
Schematically, the calcium signal shows three types of behavior as the 
electron bean t rave ls  from the outside of the par t ic le  i n  ( A )  gradual 
decrease in  calcium concontration in accord with the  diffusion through the 
sur face ,  i . e . ,  e r fc  [x/(2m]; ( B )  large and reasonably fixed level of 
s igna l ,  corresponding t o  scanning along a pore; and ( C )  a Gaussian-shaped 
peak, corresponding t o  traveling across a pore. 
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Table 1. HC1 leached coa l  

Distance f rom Coal Surface Counts c/c e r f  (-) = - - 1  c X 

(microns) co = ? l o  co 2 9  

-4 2 0.018 - 
-3 1 0.009 - 
-2 1 0.009 - 
-1 3 0.027 - 
0 3 0.027 - 

+1 10 0.091 0.091 
2 12 0.019 0.098 
3 13 0.118 0.105 
4 20 0.182 0.163 
5 36 0.327 0.298 
6 47 0.427 0.398 
7 52 0.473 0.447 
8 69 0.627 0.630 
9 74 0.673 0.695 

10 71 0.645 0.654 
11 77 0.700 0.738 I 12 86 0.782 0.873 
13 73 0.664 0.863 
14 96 0.873 1.085 

The r e s u l t s  o f  scans o f  a sample o f  coa l  from the Colberg seam, West 
V i r g i n i a ,  i n  two orthogonal d i r e c t i o n s  are descr ibed below. The data f o r  
t he  f i r s t  21 microns a re  g iven i n  Tables 2 and 3. shows t h a t  t h e  
pene t ra t i on  i n  t h e  v e r t i c a l  d i r e c t i o n  i s  much slower bu t  more un i fo rm than  
pene t ra t i on  i n  the  h o r i z o n t a l  d i r e c t i o n .  The e f f e c t i v e  d i f f u s i v i t y  co- 
e f f i c i e n t  i n  the v e r t i c a l  d i r e c t i o n  i s  about two orders o f  magnitude sma l le r  
than i n  the  h o r i z o n t a l  d i r e c t i o n .  
Table 2. Scanning o f  Colberg seam coa l  i n  t h e  d i r e c t i o n  o f  t h e  g r a i n  
Distance from Surface Counts v c o = l  973) e r f c - l  (c) 

(microns) cO 

F igure 

-2 1005 0.5094 - 
Coal -1 1019 0.5165 - 
P a r t i c l e  -+ 0 1973 1 .oooo - 
Surface 1 1860 0.9427 0.051 

2 1755 0.8899 0.099 
3 1520 0.7704 0.208 
4 1336 0.6771 0.294 
5 1139 0.5773 0.398 
6 941 0.4769 0.504 
7 818 0.4146 0.574 
8 725 0.3675 0.638 
9 566 0.2869 0.755 

10 591 0.2995 0.730 
11 46 1 0.2336 0.841 
12 442 I 0.2240 0.860 
13 444 0.2250 0.858 
14 424 0.2149 0.877 
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Table 3. Scanning o f  Colberg seam coal  perpendicu lar  t o  t h e  d i r e c t i w  
o f  t he  g r a i n  

-i c e r f c  (r) Distance f rom Surface - C ( ~ ~ ~ 1 9 7 3 )  
cO 0 (microns) Counts 

~~ ~~ 

-21 60 0.1881 - 
-20 61 0.1912 - 
-19 74 0.2319 
-18 61 0.1912 
-17 71 0.2226 
-16 80 0.2508 
-1 5 93 0.2915 
-1 4 80 0.2508 
-1 3 106 0.3323 
-1 2 141 0.4420 
-1 1 166 0.9204 
-10 166 0.5204 
- 9  184 0.5768 
- 8  217 0.6802 
- 7  205 0.6426 
- 6  253 0.7931 
- 5  278 0.8715 
- 4  271 0.8495 
- 3  282 0.8840 
- 2  260 0.8150 
- 1  278 0.8715 

0 319 1 .oooo 0.0000 
1 264 0.8276 0.1580 
2 281 0.7555 0.2210 
3 301 0.9436 0.0510 
4 262 0.8213 0.1590 
5 238 0.7461 0.2280 
6 234 0.7335 0.2480 
7 235 0.7367 0.2481 
8 223 0.6990 0.2750 
9 2 09 0.6552 0.3150 

10 239 0.7492 0.2280 
1 1  232 0.7272 0.2460 
12 209 0.6552 0.3150 
13 175 0.5486 0.4310 
1 4  221 0.6928 0.2790 
15 202 0.6332 0.3380 
16 224 0.7072 0.2750 

5 .  CONCLUSIONS 
The main o b j e c t i v e s  o f  t h i s  s tudy were achieved: 
1. A method has been developed which a l lows examination of t h e  

p e n e t r a t i o n  o f  ca lc ium ions i n t o  coa l .  
2. The method was a p p l i e d  t o  study t h e  pene t ra t i on  o f  calcium 

i n t o  coals. 
The data show t h a t  ca lc ium penetrates i n t o  coal  i n  two main modes: 

v i a  pores and v i a  r e g u l a r  d i f f u s i o n .  The d i f f u s i v i t y  c o e f f i c i e n t  i n  the 
h o r i z o n t a l  d i r e c t i o n  r e l a t i v e  t o  t h e  seam i s  102 - 103 times l a r g e r  than 
i n  t h e  v e r t i c a l  d i r e c t i o n .  
un2/sec w h i l e  i n  t h e  v e r t i c a l  d i r e c t i o n  i t  i s  o f  t he  order o f  
cmz/sec. obedding = 7.6.10-11 cm2/sec. Over t i  ca l  = 9.7.10'13 cmz/sec. 

I n  t h e  h o r i z o n t a l  d i r e c t i o n  i t  i s  10-8 - 
- 

176 



Flaurm 1 

EFFECT OF DIFFERENT FEATURES 

ON THE PROBE SIONAL 

%... I 

"CI  ,*.e*.o C O A L  
0.7. .*.L..,. 

X 

0.. 

0.. 

0.. 

9 e 

x 0.I 

I 0 I 
"I..... 

1 7 7  



E f f e c t  o f  Composi t ion on F r e e z i n g  P o i n t s  
o f  Model Hydrocarbon F u e l s  

W .  A .  A f f e n s ,  J .  M .  H a l l ,  S .  H o l t ,  R. N .  H a z l e t t  

Naval  Resea rch  L a b o r a t o r y ,  Washington,  D .  C .  20375 

INTRODUCTION 

F r e e z i n g  P o i n t s  o f  Je t  F u e l s  

Jet a i r c r a f t  a r e  f r e q u e n t l y  exposed  t o  l o w  o p e r a t i n g  tempera-  
t u r e s  and it i s  e s s e n t i a l  t h a t  t h e i r  f u e l s  n o t  f r e e z e  i n  t h e s e  
envi ronments .  P l u g g i n g  of  f i l t e r s ,  p u m p a b i l i t y ,  and r e l a t e d  f u e l  
s y s t e m  o p e r a t i o n a l  problems are dependent  on f r e e z i n g  p o i n t ,  and 
fo r  t h i s  r e a s o n ,  j e t  f u e l  s p e c i f i c a t i o n s  i n c l u d e  r e q u i r e m e n t s  f o r  
maximum f r e e z i n g  p o i n t .  Commercial j e t  f u e l  (Jet  A ,  A v i a t i o n  Tur- 
b i n e  F u e l ,  ASTM D 1655-80) ,  f o r  example,  i s  r e q u i r e d  n o t  t o  f r e e z e  
above  - 4 O O C .  M i l i t a r y  j e t  f u e l s ,  b e c a u s e  o f  wor ld  w i d e  o p e r a t i o n s ,  
have even lower t e n p e r a t u r e  r e q u i r e m e n t s .  The maximum a c c e p t a b l e  
f r e e z i n g  p o i n t s  f o r  A i r  F o r c e  f u e l s  (JP-4 and JP-8 A v i a t i o n  T u r b i n e  
F u e l s ,  MIL-T-5624L and MIL-T-83133A r e s p e c t i v e l y )  a r e  -58' and -5OOC; 
and t h e  N a v y ' s  JP-5,  (MIL-T-5624L, High F l a s h  P o i n t  A v i a t i o n  T u r b i n e  
F u e l )  has  a maximum of -46OC. 

The low t e m p e r a t u r e  p r o p e r t i e s  o f  a j e t  f u e l  ( f r e e z i n g  p o i n t ,  
pour  p o i n t ,  v i s c o s i t y ) ,  as w e l l  a s  some o f  i t s  o t h e r  p r o p e r t i e s ,  are 
c o n t r o l l e d  b y  t h e  n a t u r e  and c o n c e n t r a t i o n s  of  i t s  components (chemi- 
c a l  c o m p o s i t i o n ) .  U n f o r t u n a t e l y ,  many components o f  a f u e l  which 
t e n d  t o  l o w e r  f r e e z i n g  p o i n t  ( s m a l l e r  hydrocarbons  o f  h i g h e r  vapor  
p r e s s u r e ) ,  w i l l  a l s o  l o w e r  t he  f l a s h  p o i n t .  I n  t h e  case of JP-5, 
b e c a u s e  o f  i t s  r e l a t i v e l y  h i g h  minimum r e q u i r e m e n t  f o r  f l a s h  p o i n t  
(6OOC) f o r  reasons o f  s h i p  s a f e t y ,  and i t s  l o w  maximum r e q u i r e m e n t  
fo r  f r e e z i n g  p o i n t  (-46OC), i t  i s  n o t  a lways  p r a c t i c a l  t o  produce  
JP-5 from a l l  a v a i l a b l e  c r u d e s .  These r e s t r a i n t s  l i m i t  t h e  amount of 
JP-5 which c a n  b e  produced  from a b a r r e l  o f  c r u d e  o i l  and t he  problem 
e x i s t s  f o r  b o t h  c o n v e n t i o n a l  JP-5 ( f rom p e t r o l e u m )  and  f o r  JP-5 f rom 
syncrudes .  

F r e e z i n g  P o i n t  and  Composi t ion  

I t  h a s  been known t h a t  m o l e c u l a r  s i z e  and symmetry p l a y  a n  
i m p o r t a n t  par t  i n  t he  phenomenon o f  c r y s t a l l i z a t i o n  from s o l u t i o n  
and t h a t  t h i s  a l s o  a p p l i e s  t o  s o l u t i o n s  o f  hydrocarbons .  D i m i t r o f f  
e t  a 1  ( 1 , 2 ) ,  s t u d y i n g  t h e  e f f e c t  o f  c o m p o s i t i o n  on several  t y p e s  o f  
f u e l s ,  found t h a t  t he  s a t u r a t e  f r a c t i o n  e x e r t e d  t h e  g r e a t e s t  
i n f l u e n c e  on r a i s i n g  the f r e e z i n g  p o i n t  and  t h a t  t h e  p r e s e n c e  and 
amount of h igh - t empera tu re  f r e e z i n g  hydroca rbons  had a major  
i n f l u e n c e .  They r e p o r t e d  t h a t  i n  some cases t h e  aromatic f r a c t i o n  
was i m p o r t a n t  and t h a t  i n  g e n e r a l  a l l  hydrocarbons  p l a y  a p a r t  i n  
f u e l  c r y s t a l l i z a t i o n .  P e t r o v i c  and Vitorovic  ( 3 )  found a correla- 
t i o n  between t h e  sum o f  t h e  c o n c e n t r a t i o n s  o f  t h e  t h r e e  l a r g e s t  
s t r a i g h t  c h a i n  a l k a n e s  and f r e e z i n g  p o i n t  i n  t h e  j e t  f u e l s  which 
t h e y  s t u d i e d .  Anto ine  r e p o r t e d  on s t u d i e s  o f  32 samples  of j e t  
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fuel derived from oil shale and coal syncrudes (4) and conclude& 
that the concentrations of the long straight chain molecules in the 
fuels exert influence on the freezing point but are not the complete 
controlling factor. Solash et a1 ( 5 )  at this laboratory investigated 
jet fuels derived from various sources and reported that the freezing 
points were related to the amount of the largest ;-alkane present 
(but not the total n-alkane concentration) in these fuels. These 
findings were not in agreement with the correlation of Petrovic and 
Vitorovic. Solash et a1 plotted log (mol% C ) vs. the reciprocal 
freezing point of 11 fuels and found reasonakfe adherence to a solu- 
bility plot. They concluded that the freezing point of a fuel is not 
a simple function of fuel composition and that much more work must be 
done before a coherent theory of freezing point can be developed for 
multi-component mixtures. 

It was decided to extend our freezing point studies to model 
hydrocarbon fuel mixtures, with emphasis on the higher ;-alkanes, in 
order to learn more concerning the effect of composition on freezing 
point. 

EXPERIMENTAL 

Defining Freezing Point 

"Freezing Point," as applied to jet fuels and related mixtures, 
is defined by the ASTM (6) as "..that temperature at which crystals 
of hydrocarbons formed on cooling disappear when the temperature of 
the fuel is allowed to rise". This, of course, is really a "melting 
point," since "freezing point" is the temperature at which crystals 
start to crystallize out. However, the two phenomena take place at 
almost equivalent temperatures, and the term "freezing point" will be 
used here because of its wide use in the fuel literature. 

Determination of Freezing Point 

Freezing points were determined by the ASTM method D2386 for 
aviation fuels ( 7 )  with some modifications. Temperature readings 
were made by means of a thermocouple (Type "J") - potentiometer- 
recorder system, and liquid nitrogen was used as the refrigerant. 
Stirring was done mechanically. 

Hydrocarbons 

The hydrocarbons used were 99% pure grade. The decalin (deca- 
hydronaphthalene) was found to consist of 62.7% (w/w) of the trans 
isomer and 3 7 . 3 %  cis isomer by gas chromatography. The "Isopar-M" 
kerosene consisted of a relatively high boiling, low freezing, 
narrow-cut isoparaffinic solvent whose average molecular weight was 
191 (8). 
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RESULTS AND DISCUSSION 

n-Alkanes i n  Isopar-M 

c o n c e n t r a t i o n s  (mol % )  were  p repa rhz  a n d l z h e i r  f r e e z i n g  p o i n t s  (T,) 
d e t e r m i n e d .  R e c i p r o c a l  f r e e z i n g  p o i n t s  (1 /T  v s  l o g  of concen- 
t r a t i o n s  are p l o t t e d  i n  F i g u r e  1 f o r  each  a l g a n e .  
scale ( o r d i n a t e )  o f  t h e  g r a p h  i s  r e v e r s e d  i n  o r d e r  t o  show tempera- 
t u r e  i n c r e a s e  go ing  up t h e  graph .  I t  i s  seen  i n  t h e  f i g u r e  t h a t  
t h e  d a t a  p o i n t s  f i t  t h e  s t r a i g h t  l i n e s  f a i r l y  w e l l  so t h a t  t h e r e  i s  
good adhe rence  t o  a t y p i c a l  s o l u b i l i t y  p l o t  ( i d e a l  f r e e z i n g  p o i n t  
c u r v e ) .  The l i n e s  shown i n  t h e  g raph  w e r e  d e r i v e d  by means of  a 
l i n e a r  r e g r e s s i o n  t r e a t m e n t  of t h e  d a t a  and are a b e s t  f i t  o f  t h e  
d a t a .  From t h e i r  s l o p e s  and i n t e r c e p t s ,  h e a t s  (AH ) and e n t r o p i e s  
(ASm) o f  f u s i o n  and e x t r a p o l a t e d  f r e e z i n g  p o i n t s  
p u r e  a l k a n e s  w e r e  c a l c u l a t e d  by means of t h e  V a n ' t  Hof? i d e a l  s o l u -  
b i l i t y  e q u a t i o n  ( 9 - 1 2 )  , and t h e  thermodynamic r e l a t i o n s h i p  between 
ASm, AHm and T ( 1 3 ) .  

S o l u t i o n s  of s i x  n-a lkanes  ( C  - C ) i n  Isopar-M a t  v a r i o u s  

The t e m p e r a t u r e  

YT, ) of t h e  

m,o 

Ln X = - AHm/RTm + AHm/RTm,o 

where R i s  t h e  g a s  c o n s t a n t ,  and X r e p r e s e n t s  molar  c o n c e n t r a t i o n .  
This  approx ima te  e q u a t i o n ,  which d e s c r i b e s  t h e  v a r i a t i o n  of f r e e z i n g  
p o i n t  w i t h  c o n c e n t r a t i o n ,  i s  based  on s e v e r a l  s i m p l i f y i n g  a s sumpt ions  
i n c l u d i n g  t h a t  AHm i s  independen t  of t e m p e r a t u r e ,  and t h a t  R a o u l t ' s  
l a w  i s  obeyed .  Der ived  f r e e z i n g  p o i n t  d a t a  from t h e  Isopar-M s o l u -  
t i o n s  a r e  shown i n  Table I wi th  l i t e r a t u r e  v a l u e s  of p u r e  n -a lkanes  
( 1 3 ,  14) shown f o r  compar i son .  

I t  is s e e n  i n  t h e  t a b l e  t h a t  t h e  e x p e r i m e n t a l l y  d e r i v e d  and 
l i t e r a t u r e  Tm v a l u e s  are i n  good agreement ,  b u t  t h i s  i s  n o t  a lways  
t h e  case f o r  r o  A H  and  AS . F o r  AH and AS,, t h e  agreement is good 
o n l y  fo r  t h e  even  g a r b o n  n%bered a l p a n e s ,  b u t  t h e r e  i s  poor  a g r e e -  
ment  f o r  t h e  odd numbered compounds. I t  h a s  long  been known ( 9 )  t h a t  
f r e e z i n g  and m e l t i n g  p o i n t  d a t a  of  p u r e  compounds i n  some homologous 
series o f t e n  e x h i b i t  t h e  phenomenon o f  " a l t e r n a t i o n " .  I n  t h e s e  
series, such as t h e  " -a lkanes ,  w i t h  each  a d d i t i o n a l  CH2 g roup ,  a l t e r -  
n a t e l y  sma l l  and l a r g e  i n c r e a s e s  i n  a g i v e n  p r o p e r t y  are obse rved  ( 9 ) .  
T h i s  c a n  be s e e n  f o r  each  of t h e  t h r e e  p r o p e r t i e s  i n  Tab le  I f o r  b o t h  
t he  l i t e r a t u r e  d a t a  f o r  t h e  p u r e  a l k a n e s ,  and t h e  v a l u e s  d e r i v e d  from 
the Isopar-M s o l u t i o n  f r e e z i n g  p o i n t s .  I t  h a s  been shown ( 9 )  f o r  t h e  
h i g h e r  members of a homologous s e r i e s ,  t h a t  AHm and ASm v a l u e s  f a l l  
on  t w o  l i n e a r  c u r v e s  when p l o t t e d  a g a i n s t  ca rbon  number. I n  t h i s  
work, t h e  odd and t h e  even carbon numbered a l k a n e  d a t a  a l s o  form two 
s e p a r a t e  s t r a i g h t  l i n e s  r e s p e c t i v e l y  when AHm o r  ASm are p l o t t e d  
a g a i n s t  carbon number. The re  was ,  however,  a much wider  v a r i a t i o n  
be tween t h e  odd  and even  d a t a  p o i n t s  f o r  t h e  l i t e r a t u r e  v a l u e s  than  
be tween t h a t  o f  t h e  e x p e r i m e n t a l l y  d e r i v e d  p o i n t s  i n  t h i s  s t u d y .  
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solvent Effect_ 

In a second set of freezing point experiments, the effect of 
solvent was investigated. Solutions were prepared for 5-tetradecane, 
1-hexadecane, and naphthalene in different solvents and at several 
concentrations. In the case of n-hexadecane, some mixed solvents 
were also used and their compositions are shown in Table 11. Freez- 
ing point data were plotted in the same manner as that of the alkanes 
in Isopar-M. Some of the n-hexadecane data for single solvents are 
shown in Figure 2. It is seen in the figure that the straight lines 
plotted fit the data fairly well for these four plots and this was 
also true for the other solutions. The solvent effect experimental 
data (Tm and X) were also treated by linear regression and the 
derived freezing point data are shown in Table 111. For each of 
the three solutes, the solvents are listed in order of increasing 
AH,. Literature data ( 1 3 ,  1 4 )  for the pure solutes are included in 
the table for comparison. An examination of Figure 2 and Table I11 
shows considerable variation in the derived data for each of the 
solutes in the different solvents. When a solid dissolves in a 
liquid and an ideal solution is formed, the process may be con- 
sidered equivalent to melting of the pure solute at the lowered 
temperature at which solution is taking place, and the ideal solu- 
bility equation implies this concept (9-12). From the ideal solu- 
bility equation (or from the solubility plots in Figures 1 and 2 ) ,  
it follows that relative solubility bears an inverse relationship 
with Tm. At a given concentration, for a relatively good solvent, 
solution (melting) will take place at a lower temperature than that 
of a relatively poorer solvent. Similarly, at a given temperature, 
it can be shown that solubility increases with decreasing AH for 
systems which obey the ideal solubility equation. In generaf, both 
Tm and AHm are approximate measures of relative solubility. For 
exdmple, in Figure 2 ,  it is seen that decalin (the lowest curve in 
the figure) is a relatively better solvent for E-hexadecane than 
secondary butyl benzene (the upper curve). The data in Table I11 
also illustrate this concept. For C14, in the three solvents shown 
in the table, n-heptane and Isopar-M are good solvents, and 
secondary butyl benzene, an aromatic compound, the poorest. The 
Tm tufe value'for the pure C14 ( 2 7 9 ' K )  within experimental error. 
C16 in individual solvents, n-heptane, decalin and Isopar-M appear 
to be relatively good solvents, and secondary butyl benzene the 
poorest. The Tm values derived for decalin ( 2 8 9 ' K )  and Isopar-M 
(290 'K)  solution6 are the same as that of pure C16 within experi- 
mental error, but the E-heptane result ( 2 9 5 ' K )  seems to be high. 

in mixed solvents, Solutions A, B and C are relatively good 

for C in Isopar-M (280 'K)  is the same as that of the litera- 
For 

s ,  and Solution G the poorest. As seen in Table 11, Solutions 
A, B and C consist chiefly of Isopar-M or Isopar-M and decalin 
which were shown above to be relatively good solvents for C16. 
the aromatic (Solution G )  was the poorest. For naphthalene, as 
might be expected, Table I11 shows that secondary butyl benzene is 
a better solvent than Isopar-M. 
butyl benzene solutions ( 3 7 4 ' K ) ,  howeveriois much higher than that 
of pure naphthalene ( 3 5 4 ' K ) .  The naphthalene data are limited, how- 
ever, to only two solvents at a limited number of concentrations. 

Again, 
I 

The Tm derived from the secondary 
I 
I 

I 
, , 
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T e r t i a r y  S o l u t i o n s  

I n  o r d e r  t o  o b s e r v e  p o s s i b l e  i n t e r a c t i o n  between E-a lkanes  i n  a 
common s o l v e n t  and i t s  e f f e c t  on f r e e z i n g  p o i n t ,  s o l u t i o n s  o f  "--C13 
and n-C i n  Isopar-M were p r e p a r e d  a t  s e v e r a l  c o n c e n t r a t i o n s .  
S t a n x a r A 6 f r e e z i n g  p o i n t  p l o t s  of  1 /~ ,  v s .  Log E-c a t  s e v e r a l  con- 
s t a n t  C &!e 0 %  C16 l i n e  i n  
t h e  grab8 i s  t h e  c u r v e  f o r  C 
s e e n  i n  t h e  f i g u r e  t h a t  t h e  b.17% C16 d a t a  p o i n t s  f a l l  on a p a r a l l e l  
s t r a i g h t  l i n e ,  b u t  a t  somewhat lower t e m p e r a t u r e s  t h a n  t h a t  of  t h e  
pure,C13 l i n e .  However, a change  i s  obse rved  f o r  h i g h e r  C16 concen- 
t r a t i o n s .  The 0 .42% C c u r v e  c o n s i s t s  of two l i n e s  o f  o p p o s i t e  
s l o p e s .  
0 . 1 7 %  C The 0 .84% and 1.69%,C16 d a t a  f o l l o w  t h e  p a t t e r n  of 
t h e  0.4$@ C1 The 4 .25% C16 l i n e  
i s  h o r i z o n t a f ,  showing t h a t  changes  i n  C 
e f f e c t ,  and t h a t  t h e  C16 h a s  " t aken  o v e r L 3 t h e  c o n t r o l  of  f r e e z i n g  
p o i n t .  

c o n c e n t r a t i o n s  are shown i n  F i g u r e  3 .  
i n  Isopar-14 from F i g u r e  1. I t  i s  

The s e c t i o n  o*6 the  c u r v e  above a b o u t  3 %  C13 f a l l s  on  t h e  
l i n e .  

c u r v e  b u t  w i t h  d e c r e a s i n g  s l o p e s .  
c o n c e n t r a t i o n  have no 

Two i n t e r e s t i n g  o b s e r v a t i o n s  were n o t e d  i n  F i g u r e  3. F i r s t ,  f o r  
c o n c e n t r a t i o n s  of 0 . 4 2 ,  0 .84 ,  and 1 .69% C , a d d i t i o n  of  C13 a t  k g  lower  C c o n c e n t r a t i o n s  c a u s e s  a r e d u c t i b g  of  f r e e z i n g  p o i n t .  

The second A J s e r v a t i o n ,  which was unexpec ted ,  i s  t h a t  c e r t a i n  com- 
b i n a t i o n s  o f  C13and C16 i n  Isopar-M f r e e z e  a t  l o w e r  t e m p e r a t u r e s  t h a n  
t h a t  o f  t h e  same c o n c e n t r a t i o n  of  e i t h e r  a l k a n e  a l o n e  i n  t h e  same 
Isopar-M b a s e  s t o c k .  F o r  example,  t h e  f r e e z i n g  p o i n t  of 1 .04% C 
and 0.17% C i n  Isopar-M w a s  207 'K,  whereas  t h e  f r e e z i n g  p o i n t  A? 
1 . 0 4 %  C 
225OK. '2 s i h f l a r  s o l u t i o n  of  3.11% C13 + 0 . 4 2 %  C 
whereas  t h e  f r e e z i n g  p o i n t s  o f  t h e  s i n g l e  alkanes'gn Isopar-M were 
2 2 1 ° K  and 233 'K  r e s p e c t i v e l y  f o r  3.11% C13 and 0.42% C16. 

The d a t a  i n  F i g u r e  3 s u g g e s t  t h a t  t h e r e  h a s  been i n t e r a c t i o n  
between t h e  C and C i n  t h e i r  mutua l  i n f l u e n c e  on t h e  f r e e z i n g  
p o i n t s  i n  IsohAr-M s o l g t i o n s .  

( E 6  = 0 )  w a s  209OK and t h a t  of  0 . 1 7 %  C16 (C13 = 0 )  was 
f r o z e  a t  218OK, 

The f r e e z i n g  p o i n t - c o n c e n t r a t i o n  p l o t s  f o r  C13 and C16 , in  
Isopar-M ( F i g u r e  1) show r e l a t i v e l y  c l o s e  adhe rence  t o  t h e  i d e a l  
s o l u b i l i t y  e q u a t i o n  s u g g e s t i n g  a minimum of i n t e r a c t i o n  between t h e  
i n d i v i d u a l  s o l u t e s  and  s o l v e n t  for  e i t h e r  a l k a n e .  B u t ,  when t o g e t h e r  
i n  t h e  s a m e  s o l u t i o n ,  t h e i r  mutua l  b e h a v i o r  i s  unexpec ted .  The 
mutua l  s o l u b i l i t y  of  t w o  compounds i s  a q u a l i t a t i v e  measure o f  t h e  
e x t e n t  of t h e  i n t e r a c t i o n  between t h e i r  m o l e c u l e s ,  v a r y i n g  from 
s i m p l e  d e p a r t u r e  from i d e a l  b e h a v i o r  t o  a c t u a l  compound fo rma t ion  
between t h e  two s u b s t a n c e s  ( 1 2 ) .  I n  some c a s e s ,  it i s  p o s s i b l e  t o  
e x p l a i n  d e v i a t i o n s  f rom i d e a l i t y .  Most commonly, t h e  e x p l a n a t i o n  i s  
based  on  a s s o c i a t i o n  t o  form d imers  o r  trimers; compound fo rma t ion  
between s o l u t e  and s o l v e n t ;  o r  p o s s i b l y  d i s s o c a t i o n  o f  t h e  s o l u t e  
t o  f o r m  two o r  more m o l e c u l e s  (11). The l a s t  o f  t h e s e  p o s s i b l e  
e x p l a n a t i o n s  ( d i s s o c i a t i o n ) ,  however,  would n o t  be expec ted  t o  a p p l y  
t o  s o l u t i o n s  of a l k a n e s  i n  hydrocarbon s o l v e n t s .  Another  p o s s i b l e  
e x p l a n a t i o n  i s  t h a t  t h e  two a l k a n e s  form a e u t e c t i c  t y p e  m i x t u r e .  
I n  t h e  c a s e  of t h e  C13-C16 i n  Isopar-M b e h a v i o r ,  t h i s  i s  now under  
i n v e s t i g a t i o n .  I t  i s  hoped t h a t  by i s o l a t i n g  t h e  c r y s t a l s  which f o r m  
d u r i n g  f r e e z i n g ,  a n d  i d e n t i f y i n g  them, an  e x p l a n a t i o n  o f  t h i s  b e h a v i o r  
migh t  be fo r thcoming .  T h i s  work i s  s t i l l  i n  p r o g r e s s .  
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SUMMARY AND CONCLUSIONS 

A study was made of the effect of composition on the freezing 
points of model hydrocarbon jet fuel type mixtures. Solutions of 
higher n-alkanes (C - C ) in several solvents were emphasized. 
Freezing points (T f20f s&lutions of single alkanes were found to 
conform with the S n ' t  Hoff ideal solubility equation. 
slopes and intercepts of plots of concentration (Ln X) vs l/Tm, 
heats ( A H  ) and entropies (AS ) of fusion, and extrapolated freezing 
points ofmpure alkanes (T )mwere derived. For an isoparaffinic 
base solvent (Isopar-M), TI58 derived T values were in good agree- 
ment with the literature values for thZ'3ure alkanes. 
ASm,,only the even carbon numbered alkanes exhibited values similar 
to literature data for the pure compounds. This alternating 
behavior for the n-alkanes series has been observed for melting 
point and other properties of the pure compounds. 
other solvents, considerable solubility effect was noticed. For 

and C 6, decalin and Isopar-M were found to be relatively good 
%!vents But aromatic compounds, such as butyl benzenes, were 
relatively poor. For naphthalene, butyl benzene was a better sol- 
vent than Isopar-M. 
ficant changes or reversals of slope were observed for 1/T plotted 
against Ln X (C13 concentration) at various C concentrations, and 
this suggested interaction between the two a d h e  solutes. C had 
the predominant effect in C13 + C16 solutions in Isopar-M. 
about 4 %  C16, changes in C13 concentration had no observable effect. 

From the 

For AHm and 

For alkanes in 

For mixtures of C13 and C16 in Isopar-M, signi- 

Ahhe 
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Table I - Freezing Point Data - n-Alkanes in Isopar-M 

Heat of Fusion Entropy of Fusion Freezing Point* 
AHm(Kcal/Mole) ASm(Cal/Mol-deg.) T ( O K )  m,o 

n-Alkane EXP * Lit. Exp. Lit. Exp. Lit. 

c-12 8.8 8.80 33.1 33.4 266 264 
C-13 8.9 6.81 33.4 25.4 267 268 
C-14 10.5 10.17 37.3 38.6 280 279 
C-15 11.4 8.27 40.5 29.2 281 283 
C-16 12.7 12.75 43.7 43.8 291 291 
C-17 13.2 9.68 44.6 32.8 296 295 

* - Extrapolated to 100% 
1 
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T a b l e  I1 - Composi t ion  of Mixed S o l v e n t  ( %  w/w) 

S o l u t i o n  

A 

B 

C 

D 

E 

F 
G 

Isopar-M 

40 
40 
80 

80 
80 
50  
- 

D e c a l i n  

40 
40 

-____ 

- 

B u t y l  'Benzene 
(normal )  ( s econdary )  ( t e r t i a r y )  

- 20 - 
- - - 
- - - 
- 20 - 
6 .7  6 .7  6.7 
- - 2 5  

33 .3  33 .3  33.3 

T a b l e  I11 - F r e e z i n g  P o i n t  Data - S o l v e n t  E f f e c t  

Heat of Ent ropy  of F r e e z i n g  
F u s i o n ,  A H  F u s i o n ,  AS P o i n t *  
(Kcal/MoleT (Cal/Mole-Beg) T ( O K )  S o l u t e  S o l v e n t  m , o  

"_-C14H30 "_-C7H16 9.3 32.8 283 

Isopar-M 1 0 . 5  37.3 280 
sec -Bu ty l  Benzene 11 .3  39.0 291 
( L i t e r .  ) 10 .77  38.6 279 

"-'1 6H3 4 

Naphtha lene  

"_-'7 H1 6 
Deca l in  

Isopar-M 
sec -Bu ty l  Benzene 

( L i t e r .  ) 

S o l u t i o n  A 

" B 

" c 
" D 
" E 

" F 

" G 

sec-Buty l  Benzene 
Isopar-M 

( L i t e r . )  

1 1 . 2  

11 .9  
1 2 . 7  

14 .3  

12 .75  

1 2 . 0  
12 .4  
12 .4  
12 .6  
12 .7  
1 2 . 7  

1 3 . 3  

3.9 
4.7 

4.32 

37.9 
41.3 

43 .7  

47.8 
43.8 

41.2 
42.6 
42.4 

42.8 
4 3 . 1  
43.4 
44.7 

10 .4  
1 1 . 4  

1 2 . 2 1  

295 
289 

291 

300 
291 

291 
290 
292 

294 
294 
293 
298 

374 
4 1 3  

354 

* - E x t r a p o l a t e d  t o  100% 
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Figure 1 - Freezing Point vs Concentration - n-Alkanes in Isopar-M 
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Figure 3 - Freezing Point vs n-Tridecane Concentration 
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Low-Rank Coals -- A Eiesource Kot N l y  Exploi ted 

Irving Vdender, Chemical and Petroleum 
Engineering Department, Univers i ty  

of  Pi t tsburgh,  Pi t tsburgn,  Pa. 15261 

T o t a l  recoverable reserves  of  low-rank coals  (subbituminous 
and l i k g i t e )  are est imated i n  t h e  hundreds of b i l l i o n s  of tons.  
a l l  o f  t h i s  resource i s  l o c a t e d  west of t h e  idiss iss ippi .  
increas ing  amounts of these  coa ls  a r e  being used f o r  u t i l i t y  purposes, 
less than 5% i s  cleaned p r i o r  t o  burning; probably l a r g e r  amounts should 
be cleaned. The f a c t  t h a t  these  coa ls  a r e  not  caking coa ls  makes then  
s u i t a b l e  f o r  use i n  c e r t a i n  g a s i f i e r s  and t h e  f i rs t  p l a n t s  f o r  the con- 
vers ion  of c o a l  t o  s y n t h e t i c  f u e l s  w i l l  l i k e l y  a r i s e  i n  t h e  west. His- 
t o r i c a l l y  c o a l  sc ience  has l a r g e l y  t e e n  confined t o  t h e  s tudy  of bituminous 
coa ls  and t h e r e  a r e  s e v e r a l  so-cal led models of 82-83$ carbon coals .  
s t r u c t u r e s  of low-rank coals, noaever, renairii l a r g e l y  a mystery. The 
c o n s t i t u t i o n  of low-rank coals ,  inc ludine  oxygen func t iona l i ty ,  and t h e  
e f f e c t s  of  their ;nineral and moisture contents  on r e a c t i v i t y  and end use 
w i l l  be discussed. 

Almost 
Although 

The 
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